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1 Summary
In many terrestrial arthropods air-ﬂow sensing plays an essential role in prey capture be-
havior, predator avoidance, dispersal, orientation and activation or stabilization of ﬂight.
Research during the last three decades, mainly done with the ﬁliform hairs of insects
and the trichobothria of spiders, led to a detailed understanding of the hairs’ mechanical
characteristics, important physiological properties of the sensory cells, information pro-
cessing in interneurons, and the behavioral relevance of the sensilla. Arthropod air-ﬂow
sensors have also been subject of an in depth mathematical/physical modeling.
However, little is known about the smaller arachnid groups like scorpions and whip-
spiders. The present study therefore examines the trichobothria of the scorpion Smerin-
gurus mesaensis (Scorpiones: Vaejovidae). It focuses on three aspects: (i) The behavioral
relevance of natural stimuli both for prey capture and the orientation towards abiotic
stimuli (laminar air-ﬂow); (ii) the mechanical frequency tuning of the hairs and the para-
meters aﬀecting it; and (iii) the signiﬁcance of the sensor arrangement on the pedipalps
for the uptake of biologically relevant air-ﬂow signals and for the scorpion’s main sensory
tasks such as the localization of the stimulus source.
The natural air-ﬂow signal of the moth Galleria, the frequency tuning and the oscillation
characteristics of selected trichobothria under natural stimulation were analyzed using
laser Doppler vibrometry and high-speed video recordings. Surface scanning techniques
were used to reconstruct the pedipalp of a subadult scorpion and an entire adult indivi-
dual. The ﬂow velocities due to a laminar air-ﬂow approaching from diﬀerent directions
were examined close to the scorpion with hot wire anemometers in order to ﬁnd out
about special characteristics at dorsal and external sensor positions. Finally, a mathe-
matical modeling approach was applied by J. Luis Rosales for the visualization of the
air-ﬂow pattern around the scorpion.
(i) Behavior. The main frequency component of the wing movement of Galleria was
found to be between 30-40 Hz. More than half of the scorpions reacted to airborne prey
(the tethered ﬂying moth Galleria) even when lacking visual or vibrational cues. In con-
trast to experiments with other scorpions (Linsenmair 1968), the animals did not orient
towards a maintained laminar air-ﬂow in the wind tunnel and ended their movements in
a certain sector of a circular arena, but they signiﬁcantly shortened the duration of their
walks when compared to a control group without stimulation (decreasing from 57.7 +/−
36.6 to 21.6 +/− 16.2 s). Individuals without trichobothria were still able to capture
substrate borne prey, although the ablation signiﬁcantly increased the duration of the
prey capture movement (from 0.81 +/− 0.28 to 1.1 +/− 0.59 s) indicating multimodal
sensory interaction.
(ii) Functional morphology. The position of all 48 sensory hairs and the preferred planes of
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oscillation of their shafts were mapped in detail. There is an obvious range fractionation
regarding mechanical tuning based on two morphological types of trichobothria: Short
ones (length of hair shaft 352 +/− 54 µm), which are mechanically more sensitive to
higher frequencies (400-600 Hz) than to low ones, and long trichobothria (length of hair
shaft 1347 +/− 192 µm) showing a stronger mechanical response to low frequencies
(10 Hz). The mechanical frequency tuning of the trichobothria had broad band pass
characteristics. As suggested by experiments with artiﬁcially shortened hair shafts, the
frequency tuning of the examined long and short trichobothria mainly depended on
the length of the hair shaft, whereas the absolute amount of deﬂection and velocity
amplitude more clearly also depended on other mechanical properties such as those of
the articulation and the mass of the hair shaft.
45 out of 48 trichobothria on each pedipalp have long hair shafts and 3 are short. 28
hairs have their position on external surfaces; fewer are found on the dorsal (9), on the
ventral (7) and internal surfaces (4). Whereas the hairs’ planes of preferred oscillation
are largely oriented normal to the long axis of the corresponding segment on the dorsal
and ventral surfaces of the pedipalps they are oriented in parallel to it on the external
surfaces. The distance to diameter ratio s/d of neighboring trichobothria is such that
substantial viscosity-mediated coupling can be excluded.
(iii) Relation between topography and air-ﬂow. Trichobothria on the external and dorsal
surfaces of the pedipalps are expected to play the most important role for signal detection
and localization. On external surfaces their planes of preferred oscillation normal to the
segmentťs long axis are likely to react best to air-ﬂow approaching from above; those
with planes parallel to the long axis to air-ﬂow from in front or behind. Trichobothria on
dorsal surfaces with their planes of preferred oscillation normal to the segment’s long axis
respond best to air-ﬂow from lateral. When exposing the scorpion to laminar air-ﬂow,
velocity measurements close to the trichobothria revealed a major dependence of velocity
and degree of turbulence on ﬂow direction. Air-ﬂow from behind is the most turbulent
with low ﬂow velocities, especially on external sensor positions; as expected air-ﬂow
from lateral causes strongly asymmetric velocity distributions. The pattern of excited
trichobothria diﬀers with ﬂow direction, presumably allowing the scorpion to distinguish
between directions to a stimulus source. According to the mathematical model of the air-
ﬂow pattern around the scorpion an air-ﬂow approaching from lateral propagates below
the pedipalp and will deﬂect the hairs located on ventral surfaces. The model nicely
shows the symmetry and asymmetry of the distribution of the air-ﬂow velocities and
vorticity values depending on stimulus direction. It also indicates that trichobothria are
found at positions with high vorticity values, which are typical of natural prey signals.
In general there is good agreement between the model calculations and the velocity
measurements, but there are also some diﬀerences, like the lower vorticity values in an
air-ﬂow approaching from the back than from in front. Diﬀerences in vorticity regarding
to direction may be a cue for the scorpion to orient correctly towards the stimulus source.
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2 Introduction
2.1 Biological relevance of air-ﬂow detection
Behavior performed adequately in relation to an animal’s particular environment is es-
sential for survival and reproduction. Senses serving diﬀerent stimulus modalities can be
understood as the interfaces between the animal and its species-speciﬁc habitat. They
provide the information needed for the guidance of its behavior. Both, the structure of
the sense organs and the processes of stimulus transformation strongly reﬂect the phy-
sics of the stimuli they are adapted to (Barth 2003; 2004; Lang 1980). For many animals
movements of the surrounding media, be it air or water, caused by prey, predator, or
non-biological sources, contain highly relevant cues, used for the localization and orien-
tation towards a stimulus source. To be relevant behaviorally, a certain stimulus like a
prey signal has to be discriminated from background noise, or any other disturbances in
the organism’s habitat. The discrimination task depends on the signal to noise ratio, on
the properties of the medium (e.g. in air or water, high frequency components do not
propagate as far as low ones), the sensitivity of the sense organs and the distance and
the direction to the source. Stimulus quality and quantity may change dramatically with
distance: In a ﬂy generated air-ﬂow signal all higher frequency components are extinct at
a distance of 25 cm (Barth and Höller 1999). Both, direction and distance to a stimulus
source need to be suﬃciently well determined regarding the timing of prey capture or
escape behavior. Delay or inaccuracy may aﬀect the survival of organisms and species
(Dangles et al. 2006c; Jacobs 1995; Lang 1980; Rinberg and Davidowitz 2003).
There are examples for medium ﬂow-sensing in many groups throughout the animal
kingdom: Rhizopoda (Amoeba), Cnidaria (Pleurobrachia), Trematoda (Nicolla), Gastro-
poda (Patella), Bivalvia (Pteriomorpha), Cephalopoda (Sepia), Clitellata (Hirudo), Po-
lychaeta (Arenicula), Chelicerata (Dolomedes), Crustacea (Astacus), Insecta (Gerris,
Notonecta), Echinodermata (Ophiura), Tunicata (Cionia), Chondrichthyes (all species),
Osteichthyes (all species), Amphibia (Xenopus, Bombina), Reptilia (sea snakes, crocodi-
lians, birds), and Mammalia (seals, water rats) (Bleckmann 1994; Dehnhardt et al. 1998;
2001; Gewecke and Woike 1978; Soares 2002; Westhoﬀ et al. 2005).
Likewise, air-ﬂow detection is common in diﬀerent groups of terrestrial arthropods. In-
terestingly the commonalities of the physics of the medium, of the relevant stimuli and
the adaptive pressures led to very similar sensor solutions resulting from convergent evo-
lution. Sensor structures diﬀer in details among the various taxa, but not in physical
principle. Thus, we ﬁnd hair-like structures called ﬁliform hairs (trichobothria, in the
case of arachnids) in insects (Periplaneta americana: Camhi and Tom 1978; Camhi et al.
1978; Gryllus bimaculatus: Shimozawa and Kanou 1984b, Acheta domesticus: Edwards
and Palka 1974; Nemobius sylvestris: Dangles et al. 2006b; and the catarpillar of Barathra
brassicae: Tautz 1977), spiders (Cupiennius salei: Barth 2002; Philodromus aureolus, Par-
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dosa pretivaga, Agelena labyrinthica: Peters and Pfreundt 1986, cited after Barth 2002;
Reißland and Görner 1985; Nephila clavipes, Araneus cornutus, Meta reticulata, Liny-
phia triangularis: Barth 2002; Peters and Pfreundt 1986 and Lehtinen 1980 after Barth
2002), scorpions (Sissom 1990; Vachon 1974), whip-spiders (Tarantula marginemaculata:
Weygoldt 1970), whip-scorpions (Typopeltis crucifer: Haupt 1996; Thelyphonus indicus:
Moro and Moro 1988), and pseudoscorpions (Neobisium carcinoides, Pselaphochernes
scorpioindes: Schlegel and Bauer 1994).
2.2 Structure, arrangement and functional principles of air-
ﬂow detectors in arthropods
Since the pioneer work of Fletcher (1978), Tautz (1977; 1979) and Shimozawa (Shimoza-
wa and Kanou 1984a; 1984b) most of the current knowledge concerning air-ﬂow detection
in arthropods has been derived from insects (Acheta domesticus, Gryllus bimaculatus,
Periplaneta americana) and spiders (Cupiennius salei, Tegenaria, Agelena). Far less is
known about air-ﬂow sensing in scorpions and other arachnid groups.
2.2.1 Shape of the hair shaft and patterns of arrangement
The hair shaft is roughly straight (scorpions, trichobothria on the tactile legs of whip-
scorpions, whip-spiders, insects) or bent (Cupiennius salei, ﬁliform hairs on the ﬁrst tho-
racic segment of the caterpillar of Barathra brassicae; trichobothria on the walking legs
of whip-scorpions have the form of question marks), and feathered (Cupiennius salei and
other spiders) or smooth (some spiders like Nephila clavipes, scorpions, whip-scorpions,
whip-spiders, insects; see Fig. 1a; Barth 2002; Haupt 1996; Meßlinger 1987; Moro and
Moro 1988; Shimozawa and Kanou 1984b; Tautz 1977; Weygoldt 1970). Filiform hairs
or trichobothria are up to 3000 (4000) µm long, with a base diameter between 0.8-15 µm
(for details and references see Tab. 1).
Filiform hairs are found on the walking legs and pedipalps (Cupiennius salei), on the
tactile and walking legs (whip-scorpions), the walking legs (whip-spiders), on the pedi-
palps (scorpions and pseudoscorpions), on the cerci (Gryllus bimaculatus), the antennae
and the cerci (Periplaneta americana) and on the head (Locusta migratoria). Filiform
hairs are arranged in groups and/or as single sensors (spiders, scorpions, whip-spiders,
whip-scorpions, pseudoscorpions, cerci of Periplaneta americana), or without any clear
patterns of arrangement (cerci of the crickets Gryllus bimaculatus and Acheta domesti-
cus, although Landolfa and Jacobs 1995 suggest for the latter that its ﬁliform hairs are
individually identiﬁable and found at the same relative position; see Fig. 2 and Fig. 62
in the supplementary material section; Barth et al. 1993; Camhi and Tom 1978; Haupt
1996; Moro and Moro 1988; Schlegel and Bauer 1994; Shimozawa and Kanou 1984b;
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Tab. 1: Length and diameter of ﬁliform hairs in diﬀerent arthropod species. The values for
length vary between three orders of magnitude, the ones for the diameter within two. The
number of 700 was not given by Nicklaus, but calculated from a scaled drawing of a long
ﬁliform hair in his work (*); tl, tactile leg; wl, walking leg.
group species length [µm] diameter [µm] reference
insects Acheta domesticus ≈ 400 and
800-1000
− Edwards and Palka
1974
insects caterpillar of Barathra
brassicae
450-650
(mean: 500)
4-8 (mean: 5) Tautz 1977
insects Forﬁcula auricularia 15-40 2-3 Sihler 1924
insects Gryllus bimaculatus up to 3000 − Gnatzy and Schmidt
1971
insects Gryllus bimaculatus 30-3000 − Dumpert and Gnat-
zy 1977
insects Gryllus bimaculatus 30-1500 1.5-9 Shimozawa and Ka-
nou 1984b
insects Gryllus bimaculatus 16.4-1906 0.9-11.7 Magal et al. 2006
insects Gryllus campestris up to 3000 − Sihler 1924
insects Gryllotalpa vulgaris 150-4000 up to 12 Sihler 1924
insects Locusta migratoria l < 150;
150 ≤ l < 230;
l ≥ 230
− Smola 1970
insects Locusta migratoria ≈ 20-500 ≈ 1.5-7 Boyan et al. 1989
insects Mantis religiosa 150-300 3-4 Sihler 1924
insects Nemobius sylvestris 170 +/− 84
(short), 730
+/− 172 (long)
− Dangles et al. 2006b
insects Nemobius sylvestris 30-1010; 123
+/− 80 (short),
739 +/− 164
(long)
0.8-12; 1.9 +/−
0.8 (short), 10
+/− 1.8 (long)
Dangles et al. 2008
insects Periplaneta americana short and long
(700*)
− Nicklaus 1965
insects Periplaneta americana 611 +/− 90
(ﬁrst instar)
< 3 (ﬁrst instar) Dagan and Volman
1982
insects Periplaneta orientalis 320-480 5 Sihler 1924
insects Pyrrhocoris apterus < 100, ≈ 200,
> 350
− Drašlar 1973
scorpions Euscorpius carpathicus 550-1050 ≤ 8 Hoﬀmann 1967
scorpions Heterometrus fulvipes 570-1800 12 Moro and Moro 1988
scorpions Heterometrus fulvipes up to 2000 − Kasaiah et al. 1989
scorpions Mesobuthus eupeus 500-1500 5-7 Ignatjev et al. 1976
spiders Agelena labyrinthica 100-700 − Görner and Andrews
1969
spiders Cupiennius salei 100-1400 5-15 Barth et al. 1993
spiders Sericopelma sp. up to 2500 − Den Otter 1974
whip
scorpions
Thelyphonus indicus 1700-2200 (tl),
2300 (wl)
10.2 (tl), 12 (wl) Moro and Moro 1988
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Fig. 1: a. Trichobothrium of a scorpion (Smeringurus mesaensis). The shaft of the hair is
smooth (not feathered) and roughly straight (scale: 200 µm). b. Scheme of a ﬁliform hair with
the length (L), the diameter (d), the damping constant (R) and the torsional restoring constant
(S). During deﬂection of the hair shaft by the angle φ, the torque (T) compensates Inertia (I),
R and S. Slightly modiﬁed, from Barth 2002. The arrows point at the rim of the cuticular cup.
Sissom 1990; Smola 1970; Vachon 1974; Weygoldt 1970). The number of sensors ranges
from a few to hundreds (for details and references see Tab. 2).
2.2.2 Structure and functional principles
As mechanosensors and no quantum detecting system like a photo- or a chemoreceptor,
whose sensitivity threshold is limited to the amount of energy in a quantum of light
or a molecule (Barth 2003) ﬁliform hairs respond to the slightest movements of the
surrounding air. The amount of energy can be as small as a fraction of the energy in a
quantum of green light, and they are among the most sensitive sense organs we know. The
minimal amount of mechanical energy to elicit nerve impulses in cricket hairs is 4∗10−21
Ws, which is near the thermal noise (Shimozawa et al. 1998b; 2003). The deﬂection of
ﬁliform hairs, which are movement detectors, is not due to the pressure of sound, like
the oscillation of the membrane in a tympanal organ, but to the frictional forces of the
moving air (Barth 2000; Tautz 1979). Filiform hairs are ﬂexibly suspended in a cup-like
socket and kept in resting position by a joint membrane. The hair shaft is a two-armed
lever, which is deﬂected even by small movements of the air. At the short inner lever
the small force acting on the long outer one is multiplied by a factor corresponding to
the length ratio of the lever arms (the product of force and lever length is the same on
the outer and inner lever arm). In crickets the inner arm moves 0.03-0.04 µm per degree
deﬂection of the outer hair shaft (Gnatzy and Tautz 1980). The mechanical energy of
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Tab. 2: Number of ﬁliform hairs in diﬀerent arthropod species. Scorpions have fewer tricho-
bothria than insects and wandering spiders and their trichobothria are restricted to their pedi-
palps. The number of trichobothria given for Hadogenes is the highest known for any scorpion
species, the common range is 40-50 per pedipalp (Sissom 1990). Only documented for one in-
dividual (*); pp, per pedipalp; pc, per cercus; bc, on both cerci; pl, per walking leg; pt, per
tactile leg.
group species total number structure reference
insects Acheta domesticus − 300 pc Edwards and Pal-
ka 1974
insects Acheta domesticus − 752 pc Palka et al. 1977
insects Acheta domesticus − 55 (ﬁrst instar) -
≈ 2000 (adult) bc
Chiba et al. 1992
insects caterpillar of Barathra
brassicae
8 thoracal segments
I-III
Markl and Tautz
1975
insects Dixippus morosus − 60-70 pc Sihler 1924
insects Forﬁcula auricularia − 8-10 pc Sihler 1924
insects Gryllus bimaculatus − 200-300 pc Gnatzy and
Schmidt 1971
insects Gryllus bimaculatus − 700 pc Dumpert and
Gnatzy 1977
insects Gryllus bimaculatus − 400-500 pc Shimozawa and
Kanou 1984b
insects Gryllus bimaculatus − ≈ 750 pc Magal et al. 2006
insects Gryllus campestris − 300 pc Sihler 1924
insects Locusta migratoria − 430 on the head Smola 1970
insects Nemobius sylvestris − 60 (ﬁrst instar) -
320 (adult) pc
Dangles et al.
2006b
insects Nemobius sylvestris − 330 +/− 10 (adult)
pc
Dangles et al.
2008
insects Periplaneta americana − ≈ 220 pc Nicklaus 1965
insects Pyrrhocoris apterus − 28 on the abdomen Drašlar 1973
insects Stenobothrus parallelus − 70-80 bc Sihler 1924
scorpions Androctonus australis 78 39 pp Krapf 1986
scorpions Euscorpius carpathicus ≈ 134 67 (65-69) pp Hoﬀmann 1967
scorpions Hadogenes sp. ≈ 400 [500*] ≈ 200 [250*] pp Newlands and
Cantrell 1985
scorpions Heterometrus fulvipes 96 48 pp Moro and Moro
1988
scorpions Pandinus imperator 170 85 pp Krapf 1986
scorpions Scorpio maurus
palmatus
96 48 pp Krapf 1986
spiders Agelenidae − ≈ 25 pl, ≈ 10 pp Palmgren 1936 af-
ter Reißland and
Görner 1985
spiders Cupiennius salei 931 +/− 31 100 (108) +/− 3 pl,
52 +/− 3 pp
Barth et al. 1993
whip
scorpions
Thelyphonus indicus 10 1 pl, 2 pt Moro and Moro
1988
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the stimulus (oscillation of the hair shaft) is transduced into an electro-chemical signal
by the movement of a cuticular structure (a spine, or helmet-like) at the basal end of the
hair shaft against the tubular body of one or more dendrites (see Fig. 3). The dendritic
membrane channels are linked to the cytoskeleton and activated through the tension
applied by the cuticular structure at the basal end of the hair shaft (Barth 2003).
In insects, ﬁliform hairs oscillate in a preferred plane (exception: the caterpillar of
Barathra brassicae has hairs with uniform and directional oscillation characteristics, see
Tautz 1977), which is due to the bilateral shape of the hair base and its articulation in
the socket ﬂoor (the hair ﬂoats in the middle of the socket, stabilized by the membra-
ne; Dumpert and Gnatzy 1977; Gnatzy 1976; Gnatzy and Tautz 1980; Nicklaus 1965).
The trichobothria of scorpions are arranged in a speciﬁc pattern, often typical of a cer-
tain taxon with diﬀerently orientated planes of oscillation, which are determined by the
length of the suspension ﬁbers, the oval shape of the socket ring, and the curvature of
the dendritic bundle (Hoﬀmann 1967; Krapf 1986; Meßlinger 1987; the trichobothria of
whip scorpions are also deﬂected in a preferred plane of oscillation, see Moro and Moro
1988). Most trichobothria of Cupiennius salei do not show a pronounced mechanical
directionality, but short and some long hairs have moderately preferred deﬂection direc-
tions (Barth et al. 1993). In Tegenaria and Agelena the mechanical sensitivity of the
trichobothria was found to be nearly isotropic (Reißland and Görner 1978).
2.2.3 Mathematical model
Mathematically, the movement of the hair was described as follows (Humphrey and Barth
2008; Humphrey et al. 1993). The starting point of the model is a damped oscillator as
already described by Stokes 1851 (see also Fletcher 1978; Shimozawa and Kanou 1984b;
Tautz 1979):
I ¨ φ = −R ˙ φ − Sφ + TD + TV M.
In this equation I represents inertia in Nms2/rad, R the damping constant in Nms/rad,
S the torsional restoring constant in Nm/rad, φ the angular displacement in rad, ˙ φ
the velocity in rad/s, and ¨ φ the acceleration in rad/s2. R and S are properties of the
articulation of the hair and oppose its deﬂection. The torque of the hair (TD, TV M)
depends on the viscous forces of the air, acting along the hair shaft (TD), and the virtual
(added) mass (TV M), which represents the mass of the medium, that moves together
with the hair. An oscillation of the hair shaft requires the compensation of I, R and S
by the torque forces TD and TV M. To quantitatively describe hair motion and air-hair
interactions many aspects, the majority of them derived from ﬂuid mechanics, have to
be considered (see Fig. 1b; details are found in Barth 2000; 2002; 2004; Humphrey and
Barth 2008; Humphrey et al. 1993).
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Fig. 2: Occurrence and diﬀerent arrangements of ﬁliform hairs. a. Cercus of Periplaneta ame-
ricana (from Nicklaus 1965). The numbers on the right represent the number of ﬁliform hairs
per segment, which are labeled on the left. b. Left pedipalp of Euscorpius carpathicus in diﬀe-
rent orientations (from Hoﬀmann 1967). The lines show the preferred planes of oscillation. c.
Trichobothria on the distal two thirds of the ﬁrst left walking leg of the whip-spider Tarantula
marginemaculata (from Weygoldt 1970). d. Arrangement of trichobothria on the chela of the
pseudoscorpion Roncus lubricus (from Gabbutt and Vachon 1967). e. Groups of trichobothria
on the walking leg of Cupiennius salei (from Barth et al. 1993). f. Trichobothria on the second
right walking leg of Nephila clavipes (from Barth 2002). There are, compared with Cupienni-
us salei (e), far less trichobothria on the metatarsus, which is typical for orb-weaving spiders
(Klärner and Barth 1982). g. Whip-scorpions have two trichobothria on each of their tactile
and one on each of their walking legs (from Haupt 1996; see also Moro and Moro 1988, and
Fig. 62 in the supplementary material section for further examples).
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Fig. 3: Articulation of ﬁliform hairs. a. Articulation of the hair base in the ﬂoor of the cuticular
socket in the cricket Gryllus bimaculatus. The axis of rotation of the hair shaft (h) is between
P.P.A. and P.P.B. The white arrow points at the cuticular spine which deforms the tubular
body (Tb) of the dendritic end (oD). Action potentials are generated when the hair is deﬂected
to the side of depolarisation. (jm) joint membrane, (fC) ﬁbrous cap, (fCu) ﬁbrous cushion,
(Ha) hair articulation, (St) cuticular connection b. The inner end of the hair shaft (h) of a
trichobothrium of the spider Cupiennius salei is suspended by a joint membrane (jm) at the
bottom of the cup (Be). A helmet-like structure (He) holds the dendritic bundle. If the hair
shaft is deﬂected, it is moved against the tubular bodies of the dendrites. (CiR) Ciliary region,
(DS) dendrite sheath, (dD, vD) dorsal and ventral dendrite, (EC1, EC2) sheath cells, (exc)
exocuticle, (Hc) hypodermal cell, (mec) mesocuticle. (a from Humphrey and Barth 2008 after
Gnatzy and Tautz 1980 and b from Barth 2002 after Anton 1991, labeling slightly modiﬁed). c.
Section in the plane of preferred oscillation through the cup of a trichobothrium of the scorpion
Buthus occitanus. At its base, the hair shaft is suspended by ﬁbres (sf) and covered by the joint
membrane (jm). The oval socket ring (sr), the suspension ﬁbres (sf) and the dendrites (d),
which are linked to the base of the hair shaft by a cuticular process (cp), are assumed to be
responsible for the preferred plane of oscillation. Action potentials are generated when the shaft
is deﬂected in the direction of the dendritic bundle. (bl) lamellae, (br) rim, (dis) dendritic inner
segments, (esw) elongated socket wall, (ens) endocuticle, (epc) epicuticle, (exc) exocuticle, (fe)
ﬁbrous envelope, (gcl) glial cell layer, (gs) globular structures, (h) hair, (hc) hypodermal cells,
(iec) inner enveloping cell, (ies) inner extracellular space, (oec1, oec2) outer enveloping cell,
(oes) outer extracellular space, (pc) pore canals, (rc) receptor cells, (sc) surrounding (secretory)
cells, (ts) tubular structures (c after Meßlinger 1987).
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2.2.4 Boundary layer and frequency dependence
The thickness of the boundary layer, a region in a ﬂowing medium of reduced ﬂow
velocity near to the substrate, is frequency dependent and inﬂuences the trichobothrial
movement (Fletcher 1978). Its thickness on a spider’s leg ranges from 600-2600 µm (950-
10 Hz; Barth et al. 1993). Short hairs are, when stimulated with low frequencies (large
boundary layer), in a region with low ﬂow velocities. Thus, the force acting on the hair
shaft is too small to deﬂect the hair. On the other hand, long hairs have too much mass
to follow high frequency oscillations. The boundary layer thickness and the length of the
hair shaft nearly equal each other (the hair shaft is slightly shorter) at the best frequencies
(greatest deﬂection angle) of the trichobothrial movement (Barth et al. 1993). In sum,
the lower limit of the mechanical frequency range of trichobothria/ﬁliform hairs is set by
the boundary layer (too low ﬂow velocities to deﬂect the hair shaft), and the upper limit
by inertia (due to its mass the hair is not able to follow the movement of the medium
any more); short hairs are more sensitive to higher frequency components, and long hairs
to lower frequency components. Groups of hairs with diﬀerent length (only known from
spiders) enlarge both the frequency range and the range of sensitivity compared to a
single hair. A spectral analysis of a certain stimulus and an enhancement of the signal to
noise ratio is possible, if the central nervous system evaluates the information, contained
in the oscillation characteristics of trichobothria of diﬀerent length (Barth 2002; 2004;
Görner and Andrews 1969; Humphrey et al. 1993).
2.2.5 Sensory cells
In Cupiennius salei and other spiders the dendrits of three or four sensory cells reach
the base of the hair shaft (Anton 1991; Barth 2002; Christian 1971; Harris and Mill
1977); in insects it’s only one (Edwards and Palka 1974; Gnatzy and Schmidt 1971;
Nicklaus 1965; 1967; Nicklaus et al. 1967), in scorpions four to seven, with one or two
receptor cells being larger than the others (Mesobuthus eupeus: 6-7; Buthus occitanus: 7;
Euscorpius carpathicus: 4; Heterometrus fulvipes: 6; Ignatjev et al. 1976; Kasaiah et al.
1989; Meßlinger 1987), although Hoﬀmann (1967) describes only one sensory cell for
Euscorpius carpathicus (which may be due to the use of light microscopic techniques; see
e.g. Meßlinger 1987 for an ultrastructural survey). Cupiennius salei may detect diﬀerent
stimulus directions with a single trichobothrium because its sensory cells preferably re-
spond to diﬀerent directions of hair shaft deﬂection. In trichobothria innervated by only
one sensory cell at least two sensory hairs with diﬀerent mechanical directionality are
needed to determine the stimulus direction (see Barth 2002; Hoﬀmann 1967; Landolfa
and Miller 1995; Nicklaus 1965 and Knjazev 1976 cited in Gnatzy and Tautz 1980).
The nervous responses of the receptor cells to changes in velocity or acceleration
(ﬂuctuating, not constant stimuli) are described as phasic and phasic-tonic (adaptation
to ongoing stimulation); in contrast to that Hoﬀmann 1967 reports for Euscorpius car-
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pathicus a dependence of the response from the position of the hair within the arc of
possible movements (not from the movement back, towards the resting position of the
hair shaft; Barth 2002; Barth and Höller 1999; Hoﬀmann 1967; Ignatjev et al. 1976; Lan-
dolfa and Miller 1995; Reißland 1978; Shimozawa and Kanou 1984b). In Tegenaria the
sensory cells have high-pass properties with a threshold deﬂection of 2-3° (for Agelena
1° and less at higher stimulus velocities, see Görner and Andrews 1969; Reißland 1978;
Reißland and Görner 1978; 1985), the threshold for the sensory cells of the caterpillar
of Barathra brassicae is 0.1° in the best deﬂetion direction (Tautz 1978). In Euscorpius
deﬂections of the hair shaft by 300 to the side of the dendritic bundle are enough to elicit
impulses (Hoﬀmann 1965; 1967). In Mesobuthus action potentials from one, two or three
receptor cells innervating the same trichobothrium were observed (Ignatjev et al. 1976).
The sensory cells of spiders and scorpions are not spontaneously active (Barth and
Höller 1999; Harris and Mill 1977; Hoﬀmann 1967; Reißland and Görner 1985), but in
Gryllus bimaculatus the sensory aﬀerents of long ﬁliform hairs show spontaneous activity
(Shimozawa and Kanou 1984b) as the receptors of Acheta domesticus (Landolfa and
Miller 1995) do.
2.3 Behavioral signiﬁcance
Trichobothria of Cupiennius salei are sensors used for escape behavior, prey capture
and the initiation of dispersal behavior (prey-signals of ﬂying insects contain frequencies
around 100 Hz and the trichobohria’s sensitivity between 50-150 Hz is 0.1° and sometimes
even 0.01°; Barth 2002; Barth and Höller 1999; Barth et al. 1991; 1995; Brittinger 1998).
Görner and Andrews (1969) showed the relevance of the trichobothria for prey capture
in Agelena and Suter (2003) for the escape jumps of the ﬁshing spider Dolomedes triton.
Linsenmair (1968) describes anemomenotactic orientation in scorpions (Androctonus),
Krapf (1986) and Schlegel and Bauer (1994) studied the role of trichobothria in the prey
capture behavior of scorpions and pseudoscorpions, and the consequences of their abla-
tion and experimental shortening. Filiform hairs of insects mediate escape and predator
avoidance behavior in Acheta domesticus, Gryllus bimaculatus, Periplaneta americana
and the catapillar of Barathra brassicae (Baba and Shimozawa 1997; Camhi and Tom
1978; Camhi et al. 1978; Dumpert and Gnatzy 1977; Gnatzy and Heußlein 1986; Gnatzy
and Kämper 1990; Gras and Hörner 1992; Kanou et al. 1999; Stierle et al. 1994; Tauber
and Camhi 1995; Tautz and Markl 1978). They activate and stabilize ﬂight in locusts
(Locusta, Schistocerca: Boyan and Ball 1989a; 1989b; Boyan et al. 1989; Gewecke 1972;
1975; Weis-Fogh 1949; 1956) and the removal of one or both cerci (which bear the ﬁli-
form hairs) changes the ﬂight behavior in Periplaneta americana (Fraser 1977). Crickets
are able to detect the low-frequency air movements caused by wing oscillations during
stridulation (Kämper 1984; Kämper and Dambach 1981; 1985) and also other behavi-
oral elements, not (directly) related to escape can be elicited by wind puﬀs (Baba and
Shimozawa 1997). The prey-predator interactions between crickets (Nemobius sylvestris)
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and wolf spiders (Pardosa spp.) including the relevant predator signals were examined
by Casas et al. (2008) and Dangles et al. (2006a).
2.4 Questions and aims
Smeringurus mesaensis is one of the best known scorpions. It is a nocturnal sit-and-wait
hunter, relying primarily on mechanical sensing, and adapted to sandy environments
(Brownell 2001; McCormick and Polis 1990; Polis 1990; Warburg and Polis 1990). Its
abundance, size and durability, and the broad base of available knowledge, make this
species a appropriate choice for the experimental eﬀorts of the present study.
This work tries to elucidate the role of the trichobothria for the detection of air-ﬂow
in the context of prey capture behavior and orientation. The properties of individual
sensors as well as their arrangement on the scorpion’s pedipalp shall be related to the
properties of the air-ﬂow. The following speciﬁc questions will be addressed:
• How are the sensors distributed and which morphological types can be identiﬁed?
What is their mechanical frequency tuning like and how do changes in the length
of the hair shaft alter the trichobothrial response? It is expected that diﬀerent
morphological types, e.g. short and long trichobothria, have diﬀerent ranges of ab-
solute sensitivity and frequency tuning (Barth 2002). Artiﬁcial shortening of the
hair shaft will demonstrate whether the frequency dependence of the trichobothri-
um is predominantly due to its length or articulation.
• How do diﬀerences in distance and spatial position of the stimulus source aﬀect
the movement of the hair shaft?
• Which natural stimuli are behaviorally relevant, and how do their frequency com-
ponents and their temporal and spatial pattern match the sensory properties of
the trichobothria?
• The air-ﬂows generated by the same source diﬀer slightly when reaching sensors at
diﬀerent positions. These diﬀerences are thought to be essential for the detection of
stimulus source direction and possibly also source distance. In order to explain (i)
the position of the sensors and (ii) the function of the patterns of the trichobothrial
arrays, and to quantify (iii) diﬀerences in velocity and degree of turbulence of the
stimuli reaching them, we apply an experimental and (in cooperation with Joseph
A. C. Humphrey, University of Virginia and J. Luis Rosales, Phoenix Analysis &
Design Technologies, Inc.) a quantitative mathematical modeling approach.
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3 Material and methods
3.1 Animals
About 60 individuals of Smeringurus mesaensis, Stahnke 1957 (the former genus name
was Paruroctonus; Semeringurus was described by Haradon 1983) were captured in the
United States in their natural habitat and imported. They were kept in the laboratory
in terraria (size: 20 x 30 cm) with 10 cm substrate (a mixture of sand and powdered
clay, to make the burrows more stable), and fed once a week with Acheta domesticus.
Small jars with water-saturated pulp provided water and pieces of broken plant pots a
hiding place if the scorpions did not make burrows by themselves.
3.2 Morphological survey
The nomenclature established by Vachon (1974) was used to describe the trichoboth-
ria’s pattern of arrangement (with one diﬀerence: the trichobothrium v3 on the external
patella is named here et4). The names of all segments follow Stahnke 1970. The terms
“external” and “internal”, which are used throughout the literature are not entirely sa-
tisfying from an anatomical point of view, but were kept in order to avoid confusion.
(i) The preferred planes of oscillation of individual trichobothria were determined on ﬁve
pedipalps of ﬁve living S. mesaensis under a stereomicroscope, observing each tricho-
bothrium from above while stimulating it from diﬀerent sides with puﬀs of air. The
animal was ﬁxed on an acryl glass plate which in turn was mounted on a spherical joint,
allowing the exact alignment of the examined trichobothrium (for more details see below
“laser Doppler vibrometry” and Fig. 6c, d). The determined preferred planes of oscil-
lation were marked in a scheme showing the arrangement of the trichobothria on the
pedipalp, and later implemented in the 3d-model of the scorpion’s pedipalp (see iv).
(ii) The height, the length and the basal diameter of all trichobothria of 5 juvenile, 7 sub-
adult and 6 adult individuals (instars deﬁned after Polis and Farley 1979) were measured
(12 pedipalps for adults and subadults and 7 for juvenile scorpions). For this purpose,
the hairs were plugged out with forceps, and each of them separately embedded in DPX
(which is a mixture of distyrene, a plasticizer and xylene). After drying, height, length
and diameter (Fig. 4a-c) were determined under the light microscope (magniﬁcation up
to 1000x), using the Lucia image-analysis-system (Lucia Measurement Version 5.10, Ni-
kon digital sight DS-U1, DS-5M). The height of the hair shaft is related to the boundary
layer and the frequency tuning of the trichobothria (see introduction).
(iii) The distance between neighboring hairs (see Fig. 4e) was measured with the Lucia
image-analysis-system on the same individuals (10 adult, 11 subadult and 9 juvenile pe-
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dipalps) as in (ii). Additionally the s/d (distance/hair diameter) ratio was calculated for
neighboring trichobothria to estimate the amount of their viscosity-mediated coupling
(Bathellier et al. 2005).
Fig. 4: a-c. The length of a trichobothrium was deﬁned as the distance along the hair shaft to
its tip and the rim of the cup, the height as the distance normal from the base of the hair to its
tip, and the basal diameter at the level of the rim of the socket (which is seen as a light-dark
boundary and the position of the black arrow in c). Scale bar in a and b: 200 µm, in c: 10 µm.
d. For the reconstruction in the surface scanner, the pedipalp or the adult scorpion was glued
onto an insect-needle (blue), and ﬁxed on a metal table (red), which could be rotated around
with a spherical joint (yellow point). e. The distance between two neighboring trichobothria
was measured as the projection from midpoint to midpoint of their cups (with the hair shafts
plugged out before taking the photograph). Scale bar: 200 µm.
(iv) Surface scanners record the coordinates of objects, using grated illumination, phase
shift in the reﬂected light and triangulation from diﬀerent points of view, to reconstruct
a scaled 3d-computer model of a certain object. With the surface scanner (triTOS, ma-
nufacturer Breuckmann) of the Department of Anthropology of the University of Vienna,
the right pedipalp of a subadult S. mesaensis and an entire adult scorpion were recon-
structed. Both, the pedipalp and the entire scorpion were prepared in a natural posture,
dried, and mounted with wax and/or glue onto an insect needle, which was ﬁxed onto a
small metal table (see Fig. 4d). This table allowed 360° of rotation, and scans from several
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perspectives, which were combined afterwards using the software Optocat (Breuckmann,
version 7.00.09). The resolution of the surface scanner (70 µm) was not good enough to
resolve the trichobothria and their cuticular sockets, but their positions were marked
using opaque white and scanned. Obvious errors such as intersecting triangles, holes in
the surface, or piles resulting from the opaque white have been manually removed using
the software Rapidform XOR2. Later artiﬁcial and scaled trichobothria with the correct
planes of oscillation were inserted into the 3d-model (software used: Autodesk 3d-studio
max 9). The reconstruction of the pedipalp should illustrate the trichobothrial arran-
gement and the model of the entire scorpion allows the calculation of the surrounding
pattern of ﬂow.
3.3 Behavioral experiments
To exclude any visual inﬂuence on the behavior of the scorpions, all experiments were
done under red light conditions (light source: LEDs with a wavelength of 625 nm, which
scorpions can hardly see Machan 1968). Additionally the eyes of all animals were covered
with black paint. All experiments described under (i) and (iii) were done in the activity
period of the animals between 19:00 and 24:00, the ones under (ii) slightly earlier (17-
19:00).
(i) Capture of aerial prey. These experiments were conducted in a circular arena (ra-
dius: 13.5 cm, ﬁlled with sand up to 10 cm; see Fig. 5a) to see whether a ﬂying moth
(Galleria) elicits prey capture behavior. Recordings were done from above with a cam-
corder (Panasonic NV-GS400EG) at 25 fps. The videos were analyzed using the free
software VirtualDub (Lee 2009). The number of animals showing prey capture attempts,
successful trials, no or an unclear reaction was determined. The scorpions were tested
individually and had 1 hour to adapt to the new environment. Then the moth, tethered
by a thread (Fig. 5b), was introduced (about 2 cm above the substrate, and not able to
reach the wall of the arena). When the scorpion did not show any capture attempts after
15 min, the moth was taken out and a wingless ﬂy, running on the substrate, on a leash,
introduced. If the scorpion showed any orientation towards the approaching ﬂy, it was
removed, and the moth introduced again for 15 min (if the scorpion did not react to the
ﬂy, the moth was introduced anyway). This procedure should ensure that the scorpion
was ready for prey capture, and not in a sleeping or resting state (Tobler and Stalder
1988). The experiment was terminated after the scorpion had captured the moth, or
showed a clear prey capture behavior, or after 30 min, if the scorpion did not react at
all. Each individual out of 27 was tested 3 times.
(ii) To investigate the role of the trichobothria for the capture of substrate borne prey
(especially for the accuracy of the movement of the pedipalps), the trichobothria were
partially or completely ablated (one experimental run with intact hairs, one without
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dorsal, ventral and inner trichobothria, and one with no trichobothria left). 5 individuals
were tested, and each run replicated 5 times (in sum 15 runs per individual). For each of
the trials were determined: The orientation movements before the prey capture started,
the number of the capture movements (grasps with the pedipalps), the duration and the
success of the capture attempt, and the distance at which they started. The experiments
were made in the home-terraria of the animals (including a scale bar on the substrate),
and recorded from above with a camcorder (25 fps) mounted on a tripod. The video ﬁlms
were saved on a laptop. Recording and analysis were done with VirtualDub. Periplaneta
americana was used as prey, with a mean body length of 17.1 +/− 2.7 mm, depending
on the size of the scorpion. The antennae of the Periplaneta americana were cut at their
base to prevent them from getting into contact with the scorpion too early. A capture
attempt (which includes at least one capture movement, i.e. a trial to get a grip on the
prey) starts with the ﬁrst capture movement and ends with the prey capture (a ﬁrm
grip on the prey so that it is not longer able to escape), a temporary grip or the escape
of the prey (without any grip at all). An orientation movement before the capture was
not counted as part of the capture attempt itself, but noted for the behavioral analysis.
Frightened scorpions which did not behave in the normal way have been excluded from
the experiments.
(iii) The following experiments were conducted, to investigate whether S. mesaensis
orientates towards a continuous air-ﬂow, as it is already known for other scorpions (e.g.
Androctonus, see Linsenmair 1968). The stimulus was an air-ﬂow at a mean velocity of
1 m/s (which is within the range to which scorpions react with orientation behavior,
see Linsenmair 1968) in a wind tunnel. The air stream was driven by a ventilator and
turbulences reduced with grids inside the tunnel. A small red light diode, visible for the
camera, but not for the scorpions, indicated the activation of the stimulus. Three trials
were performed per animal once with and once without stimulus (the control experiments
were done on the same plate with the same illumination, on the table shown in Fig. 6a,
b). The starting point of the animals was the middle of a circular platform with eight
sectors (see Fig. 5c). The platform was cleaned after each run with distilled water and
dried; the animals had a period of 15 min to adjust to the new situation and a small jar
prevented them from escaping. After acclimation time, the video recordings (from above,
with a camcorder at 25 fps) were started, the jar removed, and the stimulus activated.
The recordings were directly saved on a laptop, using VirtualDub. For analysis of the
running tracks the free image-analyzing software Image J (Rasband 2010), version 1.42q
with the plugin MTrackJ (Meijering 2008) was used. The end points of the movements
and the angle in relation to the direction of ﬂow, the stopping points, the sectors, the
length of the running tracks, time and speed were analyzed, to reveal any behavioral
changes related to the air-ﬂow.
Once an animal crossed the outer circle with its pedipalps, the corresponding sector
was taken as the endpoint of its movement and the experiment ﬁnished (see Fig. 5d).
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If an animal did not start to run during 15 min, the experiment was terminated. The
stimulus was characterized using hot wire anemometer measurements 13 mm above the
midpoint of the platform, with the wire parallel to the surface (for measuring details see
below: wind tunnel and anemometry and Fig. 12a, b).
3.4 Laser Doppler vibrometry
Laser Doppler vibrometry allows quantitative, non contact velocity measurements of
vibrating or oscillating objects. A laser beam is focused through a pinhole on an object of
interest, and reﬂected back from its surface. The Doppler frequency shift in the reﬂected
laser light is due to the object’s motion and analyzed with an interferometer, which
is part of the Laser Doppler vibrometer (LDV), and used to determine the velocity of
the oscillating object. Two LDVs from the manufacturer Polytec have been used: The
portable digital vibrometer PDV-100, and the OFV 2100 (sensor head OFV 300). The
latter is less ﬂexible to handle than the former, but provides amplitude and velocity
measurements of the oscillating object. A digital low pass ﬁlter (upper limit: 5 kHz) was
applied during all measurements, and the best resolution in relation to the velocity scale
was chosen.
3.4.1 Setup and general procedure
The setup and the measuring procedure, described in the following, were slightly varied
(see below) to address all questions concerning the frequency tuning and the oscillation
behavior of the trichobothria.
The meso- and metasoma of a living scorpion were ﬁxed with tape on an acryl glass
plate, formed like the overall shape of the animal. The plate was mounted on a spherical
joint, normally used to rotate and tilt small photo cameras. The pedipalps of the scorpion
were positioned on two wires in front of the plate, and ﬁxed with a wax-colophonium
mixture (see Fig. 6c). The eyes of the scorpion were covered with black paint to minimize
stress and leg-movements caused by the exposure to intense light during the preparation
of the experiment.
A short aluminum rod was screwed into the opposite side of the cylinder with the
spherical joint, and clamped into a micromanipulator (see Fig. 6d). With the spherical
joint and the micromanipulator, the pedipalp could be positioned in the way necessary
for the measurements (see below for details). The micromanipulator (with the acryl glass
plate and the scorpion) was mounted on a vibration damped table, to reduce disturbances
by vibrations of the building during the measurements. The orientation and the posi-
tion of the examined trichobothrium in relation to the laser beam were controlled and
corrected with two microscopes, mounted above, and laterally of the measuring point,
respectively. The laser beam was then focused onto the hair shaft (somewhere around it’s
midpoint in length), and the possibility of an appropriate measurement tested. Before
253 MATERIAL AND METHODS 3.4 Laser Doppler vibrometry
Fig. 5: Experiments on the behavioral function of the scorpion’s trichobothria. a. Capture
of aerial prey: The scorpion was put into a circular arena. A moth (Galleria), tethered by a
thread (see b), was mounted on a rod, which was attached to a micromanipulator (both in
green). b. The scales on the dorsal part of the thorax of cooled individuals of Galleria were
removed with a ﬁne brush. Then the thread was glued with a small drop of wax onto the
thorax. In the case of the ﬂy, the wings were cut oﬀ, and the leash glued to its thorax in the
same way. c. Circular platform with eight sectors used for the orientation experiments. The
air-ﬂow stimulus approached from sector 1 (blue arrows), the scorpion started from the center.
The angle ϕ between the direction of the air-ﬂow and the endpoint of the movement is shown
in red. d. The wind tunnel used to expose the scorpion to laminar air-ﬂow was a closed circuit
(only test section shown). The scorpions started from the midpoint of the platform (same as in
c). All experiments were video recorded (cc) from above, and saved on a computer (pc). The
blue arrows illustrate the direction of the air-ﬂow. (li) light source.
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the experiment started, and after having ﬁnished it, the focus point of the laser onto
the hair shaft was photographed to ensure that the laser beam has not moved during
the experiment (Fig. 7a). Afterwards, the length and the height of the examined tricho-
bothrium were measured with the Lucia image-analysis-system and used to determine
the altitude of the laser focus on the hair shaft (see data analysis, below).
The measured trichobothrium was mechanically isolated from all other instruments
(LDV, loudspeaker, microscopes), which were mounted on the border of the table, or on
a tripod (the camcorder and the moth, see below) or turned oﬀ before the measurement
started (light source).
The signal of the LDV was monitored using an oscilloscope and recorded with the
help of an analog-digital-converter (Cambridge Electronic Device, Micro 1401 mk II) and
a pc (software used: Spike 2, version 6.10, Cambridge Electronic Design).
3.4.2 Variations of setup and procedure
In all Laser Doppler vibrometry experiments, only trichobothria on the dorsal and ex-
ternal surfaces of the scorpion’s pedipalp have been investigated, because they were
accessible and easier to handle than those on internal and ventral surfaces: Et5, Et4,
Et3, Eb1, Eb2, Eb3, Esb on the chela manus, and d2 on the patella, and d on the femur.
If not mentioned diﬀerently, ﬁve trichobothria from each position (e.g. Et5) were chosen
for each type of measurement (e.g. frequency tuning).
(i) Frequency tuning. The frequency tuning was examined for all trichobothria listed
above, using the PDV-100 vibrometer. To measure the frequency dependent diﬀerences
in hair shaft displacement, the stimulus had to diﬀer in frequency, but be equal in velocity
(energy) at a certain distance to the examined trichobothrium. A loudspeaker (Visaton
WS 17) was chosen as stimulus source, because it allowed an accurate control of the
frequency and amplitude of its membrane movement. In air, low frequency components
propagate further than higher ones, which induce frequency-related diﬀerences in the
velocity amplitude of the signal at a certain distance. The loudspeaker was therefore
calibrated at the chosen frequencies in the biologically relevant range from 10-600 Hz
(prey and predators of scorpions suggest no broader frequency range, see Polis 1979;
Polis et al. 1981) at a distance of 10 cm from the loudspeaker, and a particle velocity
of 15 mm/s (the performance of the loudspeaker was optimal for all tested frequencies
in this biologically relevant velocity range). This calibration was done by my colleague
Christian Klopsch, using particle image velocimetry (PIV), a laser measurement techni-
que to characterize the particle oscillation of a certain cross section through a ﬂow ﬁeld.
Particles typically in the range of 1-5 µm are visualized with the help of a pulsating laser
sheet and recorded with a high-speed camera at a couple of thousand fps. Throughout
the small amount of time between 2 captured frames, the velocity of single or all moving
particles could be observed and quantiﬁed. The dependence of the particle velocity at
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a distance of 10 cm in front of the loudspeaker from the input voltage was determined
for each tested frequency. The slope of these calibration lines was used to calculate the
input voltage for each tested frequency at a velocity of 15 mm/s.
Before the measurement started, the trichobothrium was placed in front of the loud-
speaker, with its plane of oscillation normal to the loudspeaker membrane at its center
and at a distance of 10 cm from it. A frequency generator was connected to an ampliﬁer
and used to set the appropriate frequency and amplitude values (see Tab. 3). The ad-
justments were observed on an oscilloscope and recorded on the pc in synchrony with the
LDV-signal (see Fig. 6a). The sequence of the tested frequencies has been randomized
before the measurements started.
Tab. 3: Tested frequencies (f) in Hz and peak-to-peak amplitudes (app) in voltage needed to
drive the loudspeaker in order to reach a particle velocity of 15 mm/s at a distance of 10 cm.
f 10 25 50 100 150 200 300 400 500 600
aPP 1.396 0.62 0.633 0.833 1.22 1.6 3.2 4.25 3.9 4.74
(ii) Natural stimulation. In case of the natural stimulation, a stationary ﬂying moth
(Galleria) was positioned at two diﬀerent distances (two centimeters in front and three
centimeters above, and one centimeter in front and two centimeters above the hair’s
base, respectively) in front of the examined trichobothria (Eb2, Eb3, Esb), it’s plane of
oscillation being parallel to the moth’s long axis (see Fig. 7d, e). A ribbon of plastic
material was glued onto the ventral side of the moth’s thorax between its front legs,
ﬁxed on a micromanipulator, and mounted on a tripod. The moth started to ﬂy, when a
stripe of paper below its legs was pulled away. Its wing movements were recorded with
a camcorder at 25 fps simultaneously with the signal of the OFV 2100 vibrometer (a
special function of Spike 2 was used; see Fig. 6b).
(iii) Orientation of the hair. Rotating the hair’s plane of oscillation in regard to the
stimulus source (the moth or the loudspeaker), allowed to quantify the eﬀects of its
orientation on the trichobothrial movement. The LDV (OFV 2100) and the microma-
nipulator with the scorpion were placed on an L-shaped bar, and the examined hair
positioned above a joint, which allowed a rotation in diﬀerent angles: 0° (normal to the
loudspeaker’s membrane and parallel to the moth’s long axis; for stimulation details, see
above i, and ii), 45°, and 90° (at this angle, the plane of oscillation was parallel to the
membrane of the loudspeaker, and normal to the long axis of the moth). The rotation did
not change the distance to the moth (two centimeters away, three centimeters above),
to the loudspeaker (10 cm away from the midpoint of its membrane; see Figs. 6e-g, 7d)
or the LDV, but it shifted the orientation of the hair’s plane of oscillation by a certain
angle in regard to the stimulus source. After each rotation the position of the focus point
on the hair shaft was photographed, and afterwards the distance to the socket of the
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hair determined. Examined trichobothria: Et5 and Eb3.
(iv) Shortened hair shaft. To determine the oscillation behavior of a length reduced hair
shaft, an intact one was measured, cut by hand using micro-scissors, without changing
the orientation of the plane of oscillation or the distance to the stimulus source and
measured again. The length of the trichobothrium was determined before and after the
experiment. The OFV 2100 vibrometer was used to examine the trichobothria Eb2 and
Eb3. For stimulation details see above (i) and (ii).
3.4.3 Data analysis
The deﬂection and the mean angular velocity (mean because of the sinusoidal changes in
the magnitude of the stimulus and the hair’s movement) of the hair shaft were calculated
for each stimulation frequency (for the case of natural stimulation see below). In the
experiments in which the PDV-100 was used, the deﬂection amplitude (ypp) had to be
calculated from the velocity measurement (vpp), following the relationship ypp = vpp/2πf.
The measured (in case of the OFV 2100) or calculated deﬂection amplitude was then used
to determine the deﬂection angle ∆ϕ of the hair shaft following ∆ϕ = 2 ∗ arctan(y/2h),
where h represents the height of the hair shaft from the base to the point of focus of the
laser beam on the hair shaft, and y the deﬂection amplitude. Height h was determined
with the help of the photographs, which had been taken previous to the measurements
(see Fig. 7a, b). After the determination of ∆ϕ, the mean angular velocity was calculated
using the relation ωmean = ∆ϕ/∆t(∆t = 1/2f). If not mentioned otherwise, the mean of
5 measurements on diﬀerent trichobothria was determined.
In some cases it was necessary to position the laser beam at a certain angle to the
hair shaft, which was corrected as follows: y = x/cosα, where x is the measured, and y
the real velocity amplitude (see Fig. 7c).
Out of each recording (deﬂection and velocity amplitude) during natural stimulation a
time period of 2 seconds (with the lowest amount of noise) was chosen, and a frequency
spectrum taken (FFT with Spike 2). The rms values (rms, root mean square) of the
resulting 3 bars (2 around the peak amplitude for the corresponding frequency) for
each, the main frequency and the ﬁrst harmonic, were added separately, calculated back
to the original amplitude value and plotted with mean and standard deviation for 5
measurements on diﬀerent trichobothria (see Fig. 7f).
3.5 High-speed video analysis
One series of experiments was conducted to analyze the wing beat frequency of Galleria
(the moth used for natural stimulation) and a second to determine diﬀerences in the
oscillation behavior of sensors at diﬀerent locations on the pedipalp, but stimulated in
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First part of Fig. 6. For the second part (Fig. 6c-g), see below page 31.
Fig. 6: Laser Doppler vibrometry. a. Artiﬁcial stimulation using a calibrated loudspeaker
(l) and the application of the PDV-100 (ldv), and b. the natural stimulation and the OFV
2100 (ldv and control unit con). Four buckets, half-ﬁlled with sand (s), were used to reduce
vibration-noise. The examined trichobothrium was placed as described above in respect to
the stimulus source (loudspeaker or moth, see also Fig. 7d). The laser beam was focused on
the trichobothrium, and the signals of the laser Doppler vibrometer (ldv) and the frequency
generator (fg) monitored with two oscilloscopes (osc, osc2) and recorded a pc. The light source
(li) was turned oﬀ during the experiments. In the case of natural stimulation, the moth (m) was
ﬁxed on a tripod. (A) ampliﬁer, (a/d) analog-digital converter, (cc) camcorder on a tripod, (c)
digital photo camera, (mic1, mic2) microscopes, (mi) micromanipulator with the ﬁxed scorpion,
(t) plate of the vibration-damped table in blue.
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Second part of Fig. 6. For the ﬁrst part (Fig. 6a, b), see above page 30.
Fig. 6: c and d. The scorpion was ﬁxed, it’s metasoma placed ﬂat onto the acryl glass plate
(transparent green) and the pedipalps onto the wire (solid green). The yellow point indicates
the spherical joint, the short aluminum rod is shown in blue. e-g. The diﬀerent orientations
of the preferred plane of oscillation in respect to the stimulus: 0° (e), 45° (f) and 90° (g). The
black arrow indicates the distance from the midpoint of the loudspeaker (l) membrane to the
measuring point, which is above the point of rotation (shown in yellow; for natural stimulation
see Fig. 7d). The yellow arrow represents the preferred plane of oscillation of the examined
trichobothrium. To provide more clarity, the scorpion is left out. All instruments shown in e-g,
except the loudspeaker (respectively the moth) were mounted on the vibration damped plate.
The rest of the setup is described in a and b. (ldv) LDV with the laser beam in red, (mi)
micromanipulator, (acr) acryl glass plate, (ab) L-shaped aluminum bar.
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Fig. 7: Data analysis and spatial relation between the examined trichobothrium and the moth
during natural stimulation. a. photograph of the laser beam focused onto the middle of the
hair shaft; h, the distance of the midpoint of the laser beam to hair base. b. The peak-to-peak
values of the deﬂection amplitude y between the turning points of the oscillation at t1 and t2 at
the height h were taken or calculated from the velocity measurements when the PDV-100 was
used, and height h determined (the yellow points represent the focus of the laser beam). The
deﬂection angle ∆ϕ was calculated from ∆ϕ = 2∗arctan(y/2h). c. If necessary, the laser beam
was focused on the hair shaft (black point, seen from above) at a certain angle. In that case,
the true deﬂection or velocity amplitude (y, blue line, plane of the oscillating hair shaft) was
calculated from y = x/cosα (x, green line, measured deﬂection or velocity amplitude). The
yellow line represents the third line of the triangle. d and e. Height and horizontal distance
between the cup of the examined trichobothrium and the moth during natural stimulation.
For most experiments, the values given in d were used, whereas the shorter distances in e were
chosen to investigate the eﬀects of changes in distance on the hair’s oscillation behavior. f.
An example to illustrate the data analysis of the recordings during natural stimulation. The
right part of the ﬁgure, copied out of the help ﬁle of Spike 2, version 6 (Cambridge 2009), is
a FFT-spectrum of the sine-wave on the left. Adding the rms amplitude of the 3 bins (shown
in blue) and calculating it back to the original amplitude values, results in the amplitude of
the sine wave of 2.29 V (rms is calculated by Spike 2, as follows: 2.292/2 = 2.62 V2). The
corresponding frequency is the mean frequency of the 3 bins.
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the same way.
(i) The moth was glued onto a thin plastic ribbon as described above which was clamped
into a micromanipulator. The animal was ﬁlmed with a high-speed video camera (NAC-
1000 high-speed video system of the Department of Theoretical Biology of the University
of Vienna) from behind (1000 fps). A piece of black paper in front of the moth was used
to improve the contrast of the recordings and to implement a scale (Fig. 8d). Recordings
20 s long were made for each of 3 moths.
(ii) The entire scorpion was ﬁxed in a natural posture on an acryl glass plate (the
pedipalps with a wax-colophonium mixture, the meso- and metasoma with a tape), on
which a sand paper with an average grit size of 100 µm was glued. This grading size
is the lower limit of the sand particles in the scorpion’s natural habitat (0.1-0.25 mm;
Brownell 2001). The high-speed-camera (recording speed: 500 fps) was adapted to a
stereomicroscope, and both mounted on a tripod. The trichobothria Et5, Et4, and Eb3
were investigated, with their planes of oscillation normal to the direction of observation.
The moth was mounted (see i) and placed 2 cm in front and 3 cm above the mid of the
two pedipalps (Fig 8a, b and e). With a second micromanipulator a stripe of paper was
placed under the legs of the moth, which started to ﬂy when the stripe was pulled away.
The wing movements were recorded with a camcorder (25 fps), and synchronized with
the high-speed recordings, using a ﬂashlight and started shortly before the stimulation
(the ﬂash was used before the stimulation started and visible on both recordings). After
ﬁnishing, a scale was recorded. All 3 trichobothria were examined on 2 individuals.
3.5.1 Data analysis
The moth’s wing movement and the oscillation of the hair shaft can be described and
analyzed in a similar way. The tip of the wing, or a certain point on the hair shaft have
been tracked, using two diﬀerent plugins of the free image-analyzing software ImageJ
(The MTrackJ plugin in case of the moth and SpotTracker [Sage et al. 2005] in case of
the oscillations of the hair shaft; the latter makes an automatic analysis possible, which
could not be applied to the wing movement because of the larger deﬂection angles).
All points were tracked in scaled coordinates. The deﬂection angle at the time t1 was
calculated as follows (see Fig. 9 for the following): The ﬁrst step was to determine the
length y between the hinge-point of the movement (which was deﬁned as the origin)
and a certain point on the hair shaft at t0 at which the hair (or the wing) was not
deﬂected at all, using vector calculations: ~ a =
 
x2 − x1
y2 − y1
!
=
 
ax
ay
!
, k~ ak =
q
(a2
x + a2
y)
(the ﬁrst term deﬁnes the vector and the second it’s length, and therefore the distance
between two points). Then the distance between the point at t1 and the hinge-point
(length x) and the distance between the point at t0 and the point at t1 (length z) were
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First part of Fig. 8. For the second part (Fig. 8c-e), see below page 35.
Fig. 8: Setup for high-speed-video recordings. a and b. The scorpion’s body was ﬁxed and
the metasoma placed ﬂat on the acryl glass plate (transparent green). In these experiments,
the spherical joint (yellow) was not used. The aluminum rod (blue) was attached to the micro-
manipulator.
determined in the same way. The angle between x and y was determined as follows:
z2 = x2 + y2 − 2xy cosϕ. The same was done with all other movement-points, and the
calculated degree of deﬂection was deﬁned as positive or negative in regard to the point
of no deﬂection, and the direction of the movement. The angular velocity is given by the
deﬂection per unit time (0.002 s).
3.6 Wind tunnel and anemometry
For the three following experiments a streamlined body (tested by ﬂow visualization,
see Fig. 61 in the supplementary material section) was cut out of foamed polystyrene
and covered with sand paper (average grit size: 100 µm – see above, high-speed recor-
dings), and used as substrate. For (ii) and (iii), see below, the same wind tunnel as
that described in the behavioral section, was used. The anemometer measurements were
made with a Dantec Dynamics 55R01 1D-probe, temperature-corrected (temperature
probe: 90P10), and a Multichannel CTA (Dantec Dynamics 54N81) including an analog-
digital-converter and recorded on a pc using the software MiniCTA (Dantec Dynamics
A/S, version: 3.40.00.09). Each recording was done with a measuring frequency of 1000
Hz. The anemometer was calibrated in the wind tunnel with a T29 calibration-probe at
ten diﬀerent air-ﬂow velocities.
(i) To characterize the ﬂow which Galleria produces during ﬂight, the moth was moun-
343 MATERIAL AND METHODS 3.6 Wind tunnel and anemometry
Second part of Fig. 8. For the ﬁrst part (Fig. 8a, b), see above page 34.
Fig. 8: c. The high-speed camera (hsc) was adapted to a stereomicroscope (mic) on a tripod
and connected with a pc. The examined trichobothrium was placed under the microscope with
its plane of oscillation normal to the observation direction. d. To measure the frequency of
the wing oscillations of Galleria, the high-speed camera (on a tripod) was placed behind it
and connected to a pc. To improve the contrast and to implement a scale, a black paper (p)
was placed shortly in front of the moth. (li) light source, (m) moth, (mi) micromanipulator. e.
Distance and height in regard to the point (red lines) shown in a.
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Fig. 9: Analyzing the oscillation of the hair shaft and the wing-movement of Galleria. a and
b. a shows a scheme of an oscillating hair shaft (black) and b the wing movement of Galleria
(blue points and lines). Both movements can be described as part of a circular arc, given
by the time window between two or more recorded frames, deﬁning an angle ∆ϕ. A certain
point, e.g. the tip of the wing (b) has been tracked and the scaled coordinates recorded (blue
points). Calculating the lengths between the hinge-point (red circle), the point at t0 without
any deﬂection of the hair shaft (yellow), and the point at t1 with a certain deﬂection of the hair
shaft (blue) allows to determine ∆ϕ with z2 = x2 +y2 −2xy cosϕ. Red line (x), green line (y),
blue line (z). Movements to the right (beyond the point with no deﬂection) were determined
as positive, to the left as negative.
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ted on a thin plastic ribbon (as in the experiments before), ﬁxed on a rod, and clamped
into a micromanipulator. The moth was two centimeters in front, and three centimeters
above the measuring-point. Additionally one point to the left, and one to the right, both
2 cm away were chosen. The distance between these two was approximately the distance
between the two tips of the scorpion’s chelae, when lurking for prey (Fig. 10a, b). A
stripe of paper was placed under the legs of the moth and removed shortly after the
measurement started, which evokes the animal to ﬂy. The anemometer was clamped into
a micromanipulator, and placed 5 mm above the substrate with the wire parallel to the
surface at the measuring points shown in Fig. 10. For each point, the ﬂow generated
by ﬁve animals was measured, and the mean of the ﬁrst 1.5 s taken to determine the
velocity and the degree of turbulence (Tu = u0/U, where U represents the mean air-ﬂow
velocity and u0 the standard deviation as a measure of the velocity ﬂuctuations).
(ii) To analyze the pattern of ﬂow around the scorpion qualitatively, and to determine
the inﬂuence of its body parts, an adult, dead animal was prepared in a natural posture
(when awaiting prey), and dried. It was placed on the surface of the streamlined body in
three diﬀerent orientations: Along the direction of the ﬂow, rotated by 90° and 180° (see
Fig. 14b-d). The velocity of the ﬂow (0.63 +/− 0.007 m/s) was determined with an
anemometer (see i). Up to four incense sticks were placed in front of and a couple of
centimeters beyond the streamlined body; they allowed to visualize the pattern of ﬂow,
which was recorded at the same time from the left side and from above. Both, the stre-
amlined body and the incense sticks were placed in the center of the cross section. Two
light sources highlighted the smoke plumes (Fig. 13a).
(iii) To measure the pattern of ﬂow at the positions of diﬀerent trichobothria quanti-
tatively a scorpion was placed as described in (ii) in three diﬀerent positions in regard
to the direction of the approaching air-ﬂow. The trichobothria at the following positi-
ons were plugged out, and the measurements done between 0.5 and 1.5 mm above the
surface (corresponding to the height of the trichobothria) of the right pedipalp. Chela:
Et, Eb; ﬁxed ﬁnger: dt, dst, dsb, db, et, est, esb, eb; patella: d1, d2, et, em, eb; femur:
d. Additionally some areas without any trichobothria have been chosen to understand
the absence of sensors or the general inﬂuence of the scorpion’s body on the pattern
of the air-ﬂow (see Figs. 11 and 12). The anemometer’s wire was placed normal to the
surface and the approaching air-ﬂow, the midpoint of its wire above the cup of the hair
(therefore the measurement was line-like). The positioning of the hot wire was controlled
with a microscope (Fig. 13b), which was placed in such a way, that it did not interfere
with the ﬂow. An example of a measurement at position d on the dorsal surface of the
femur is shown in Fig. 14a, b. The measurements concerning the general inﬂuence of
the scorpions body on the air-ﬂow, mentioned above, were also done two centimeters in
front, at the midpoint, and two centimeters behind the animal, at a height of 1 cm, and
again at the same positions but without the animal (Fig. 12). Each measurement lasted
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Fig. 10: Setup to measure the air-ﬂow of a stationarily ﬂying tethered moth (Galleria). a and
b. The moth was mounted on a micromanipulator (mi) and placed above the streamlined body,
shown from the side in a and from above in b. The three measuring positions are shown as
white points in b. A stripe of paper (orange), moved with a micromanipulator (mi), under the
legs of the moth was used to induce ﬂight. The measurements were done with an anemometer
(an) mounted on a rod and clamped into a micromanipulator. (m) MiniCTA, (tp) temperature
probe.
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for 10 seconds and the degree of turbulence was calculated for each measuring position
(for a deﬁnition see i).
3.7 Mathematical modeling (by J. Luis Rosales)
The calculations were done by J. Luis Rosales using the computational ﬂuid dynamics
(CFD) software ANSYS CFX 11.0. The mesh around the scorpion (a reﬁned tetrahedral
mesh) and around a tetrahedral box (which was made using hexahedral cells) was created
with ANSYS ICEM CFD 11.0. ANSYS CFX uses a pressure-based algebraic multigrid
solver and the numerics were all set to second order. The simulation was done assuming
no upstream disturbances and laminar ﬂow (velocity: 0.6 m/s). Vorticity (
→ ω) was deﬁned
as
→ ω =
→
∇ ×
→ v, where
→ v represents the velocity ﬁeld.
3.8 Statistics
All statistics were done with the free software R 2.10 for statistical computation and
graphics (R 2009). The eﬀect on certain variables was tested as repeated measurements
analysis using a linear mixed eﬀects model (Pinheiro et al. 2009). Four diﬀerent models
were established: (i) The eﬀect of diameter, position, instar and side (left or right pedi-
palp) on the length of the trichobothria; (ii) the eﬀect of the trichobothrial ablation, the
number of grasp attempts and their successfulness on the duration of the prey capture
movement of the scorpions; (iii) the eﬀect of the stimulus, the track length, the velocity
of the movement and of the stopping points on the duration of the runs; and (iv) the
eﬀect of the stimulus on the angle between the endpoint of the movement and the di-
rection of the air-ﬂow. For all models the random eﬀect was set as “individual” and the
level of signiﬁcance 5%.
Based on the AIC (Akaike’s information criterion), the function “dredge” of the
MuMIn package (Bartoń 2010) was used for model selection. A Tukey test was speciﬁed
for multiple comparisons of means and the function “glht” of the multcomp package
(Hothorn et al. 2008, version 1.2-3) used for post hoc testing.
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Fig. 11: Reconstruction of the scorpion’s pedipalp (without coxa; see results for more details).
Yellow circles and ellipsoids mark the positions of trichobothria at which anemometer measu-
rements were done. a. Dorsal aspect. b. External aspect. The ellipsoids mark positions with
more than one trichobothrium. In these cases the anemometer was placed in the center of the
ellipsoid. In general the anemometer was placed with the midpoint of the wire at a distance
between 0.5 and 1.5 mm above the cup of the examined hair (the shaft was plugged out before
the measurements were done). Trichobothria on the femur (Fe) are shown in green, on the
patella (Pa) in blue and on the chela manus including the ﬁxed ﬁnger (Ch) in red. The patel-
lar positions eb and et are addressed as P.eb and P.et. See Fig. 12 for additional measuring
positions.
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First part of Fig. 12. For the second part (Fig. 12c), see below page 42.
Fig. 12: Positions on the pedipalp and around the scorpion at which anemometer measu-
rements were done, shown on the reconstruction of an adult S. mesaensis. The blue arrows
indicate the direction of the laminar air-ﬂow (0.63 +/− 0.007 m/s). a and b. Three measuring
positions along the animal’s long axis (1 cm above the substrate, 2 cm in front and behind the
scorpion) have been chosen to characterize the general inﬂuence of the scorpion’s body on the
ﬂow characteristics (black in front of the scorpion; red above its mid-point in length, deﬁned
as the distance between the tip of the chelae and the end of the second mesosoma segment,
and green behind it). The blue points represent measuring positions without any trichobothria
on the pedipalp (1 mm distance to the surface). They correspond in a, b and c. All shown
measuring positions refer to the midpoint of the anemometer’s wire. (Ch.M) midpoint of the
external or dorsal chela, (P.A) anterior point of the dorsal patella, (F.A) anterior point of the
dorsal femur.
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Second part of Fig. 12. For the ﬁrst part (Fig. 12a, b), see above page 41.
Fig. 12: c. Situation for air-ﬂow approaching from lateral. Again, the air-ﬂow was measured
at the positions indicated by a black, red and green dot, respectively. (Ch.M) midpoint of the
dorsal chela, (P.A) anterior point of the dorsal patella, (F.A) anterior point of the dorsal femur.
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Fig. 13: Experimental setups for qualitative visualization (a) and quantitative measurements
(b) of the ﬂow pattern around the scorpion and its pedipalps. A dead scorpion was placed on
the streamlined body in three diﬀerent orientations in regard to the approaching air-ﬂow (blue
arrows; the orientation of the scorpion is shown in Fig. 14b-d). a. Up to four incense sticks
visualized the pattern of the air-ﬂow and two camcorders (cc1, cc2) recorded its ﬂuctuations.
(li) light sources b. A microscope (mic) was placed above the scorpion and the streamlined
body to orient and control the anemometer’s position (for details of the setup see Fig. 14).
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Fig. 14: Anemometer measurements (a and b) and orientation of the scorpion on the streamli-
ned body (b-d; see also Fig. 13). The blue arrow indicates to the approaching air-ﬂow. See Fig.
61 in the supplementary material section for a qualitativ visualization of the laminar air-ﬂow
above the streamlined body. (sb) streamlined body, (an) anemometer, (mi) micromanipulator,
(tp) temperature probe, (m) MiniCTA
444 RESULTS
4 Results
4.1 Morphology
This part answers the following questions: A) How many morphological types of sensor
hairs can be found in regard to length and diameter? A least two morphological typs are
known from the literature and expected to be present in S. mesaensis (Ignatjev et al.
1976; Meßlinger 1987) B) How many sensors do exist, and what is their distribution
like? Nothing is known about the absolute distances between the sensors and the orien-
tation of the planes of preferred oscillation in S. meaensis. We expect a basic type C
pattern for Vaejovids like it is reported in Stahnke (1974) and the planes of oscillation
oriented in several directions like it was shown for other species by Hoﬀmann (1967) and
Krapf (1986); also see Fig. 2b and Fig. 62a, b in the supplementary material section. C)
Is there any viscosity-mediated coupling between neighboring hair shafts (for an estimate
the s/d ratios were calculated)? As known from Cupiennius salei, moderate coupling is
likely to be present in groups with closely spaced sensor hairs (Bathellier et al. 2005).
48 trichobothria are located on each pedipalp of S. mesaensis (total amount: 96), and
distributed inhomogeneously over three of the six segments (femur, patella, tibia, but not
on the trochanter and the movable ﬁnger). The individuals used for the morphological
survey were assigned to their age group and treated together in each of these (see Fig.
15).
4.1.1 Sensor arrangement
3 trichobothria are found on the femur, 19 on the patella, 16 on the chela manus, and
10 on the ﬁxed ﬁnger. Most trichobothria (28) are located on external surfaces, 4 on
internal surfaces, 7 are found ventrally and 9 dorsally. Some are arranged in groups (e.g.
Eb on the proximal chela manus), others as single sensors (for a deﬁnition of groups and
single sensors, see below). Groups (2 or 4 trichobothria) are only found on the external
side of the chela manus and the patella (see Fig. 16 for more details). 10 trichobothria
(of each of the pedipalps) belong to groups (chela manus: Eb1, Eb2, Eb3, Esb; patella:
em1, em2; eb2, eb3, eb4, eb5). Number and relative distribution of the trichobothria are
determined from the ﬁrst instar on.
There is hardly any variation concerning the number and the position of the tricho-
bothria between diﬀerent individuals and in regard to what Vachon (1974) calls territories
(on all 18 examined individuals only once a trichobothrium was found missing and no
additional hairs were found).
454 RESULTS 4.1 Morphology
Fig. 15: Developmental state of the examined individuals. Six adult (7th instar), seven sub-
adult (6th instar), and ﬁve juvenile individuals (1st instar) were chosen. The inset shows the
distances plotted (horizontal line: distance from anterior edge of prosoma to medial ocelli; ver-
tical line: interlateral ocelli distance; scale bar: 1000 µm). The mean +/− sd of the values
known for the seven instars of S. mesaensis are shown; dotted vertical lines represent divisions
between the instars one and two, ﬁve, six and seven (from Polis and Farley 1979).
4.1.2 Planes of preferred oscillation
The planes of preferred oscillation are parallel to, orthogonal or at a certain angle to
the long axis of a segment. All dorsal trichobothria on the ﬁxed ﬁnger (dt, dst, dsb, db)
have orthogonal planes of oscillation, but 2 of the 4 external ones (esb, et) are oriented
in parallel to the ﬁnger’s long axis. Trichobothria arranged in groups exhibit planes of
oscillation parallel to each other (Eb, em), or each is oriented at a certain angle in regard
to the segment’s long axis (eb2-5). Most of the ventral and dorsal trichobothria have
planes of oscillation oriented orthogonally to the segments long axis, and about 17 of
the 28 sensors located on external surfaces are oriented approximately in parallel to the
segment’s long axis (Fig. 16).
4.1.3 Reconstruction of an adult individual of S. mesaensis
In addition to the pedipalp, an entire adult scorpion was reconstructed in the surface
scanner and used for the mathematical modeling of the air-ﬂow (see Fig. 17 and below).
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Fig. 16: Patterns of arrangement and planes of oscillation shown on a reconstructed pedipalp
(without the coxa) of a subadult S. mesaensis. a. Trichobothria are only found on 3 segments
of the pedipalp: femur (Fe, green), patella (Pa, blue), chela manus and ﬁxed ﬁnger (Ch, red). b.
The 48 sensors are distributed inhomogeneously, partially in groups and most of them are found
on the external surfaces of the patella and the chela manus (trichobothrium Et1 was added
to the number of ventral trichobothria). c-f. Diﬀerent aspects of the reconstructed pedipalp:
dorsal (c), ventral (d), external (e), and internal (f). The yellow circles indicate the location of
grouped trichobothria.
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Fig. 17: A 3d-reconstruction of an adult individual of S. mesaensis in its prey hunting position
seen from dorsal (a), from the side (b), and from obliquely above (c).
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4.1.4 Distance between neighboring sensors
The distance between neighboring trichobothria varies in regard to the size and the age-
group an individual belongs to. Adult scorpions have the largest mean distances between
their neighboring hairs, and juvenile ones the smallest. Trichobothria arranged in groups
have a lower mean distance between each other (387 +/− 130 µm for adult, 300 +/−
89 µm for subadult, and 81 +/− 21 µm for juvenile scorpions) than not grouped hairs
(mean distance for adult scorpions: 1276 +/− 797 µm, for subadult ones: 1012 +/− 636
µm and for juvenile: 239 +/− 151 µm; see Fig. 18 below and Fig. 56 in the supplementary
material section).
Fig. 18: Distances between neighboring trichobothria on the ﬁxed ﬁnger (a), the distal external
chela manus (b), the proximal external chela manus (c) and the ventral chela manus (d). The
insets show position of trichobothria, color of lines and histogram bars refers to measured
distance. The ﬁrst bar of each row belongs to juvenile, the second to subadult and the third to
adult scorpions. Mean distances in adult scorpions are larger than in subadult and juvenile ones.
Distances between grouped trichobothria are smaller than the mean distance. Trichobothria
arranged in a group, see c: Eb1, Eb2, Eb3, Esb.
4.1.5 Distance/diameter (s/d) ratio
The distance/diameter (s/d) ratios vary: Small s/d ratios are found for hairs with large
diameter and a short distance between neighboring trichobothria. Grouped hairs have
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lower s/d ratios than non-grouped ones because of the shorter distance (see Fig. 19
below and Fig. 57 in the supplementary material section). Smaller diameters and shorter
distances in juvenile and subadult scorpions result in lower s/d ratios than in adult ones
(mean s/d ratio for juvenile scorpions: 57 +/− 38, for subadult: 121 +/− 79, and adult
ones: 134 +/− 87; see also Tab. 4 and Fig. 20).
Fig. 19: Distance/diameter (s/d) ratios for the ﬁxed ﬁnger and the chela manus. Color of
histogram bars corresponds with that of lines drawn in inset; label in or below each bar refers
to diameter of trichobothrium (for each measured distance two diﬀerent diameters). From left
to right: The ﬁrst two bars refer to juvenile, the next two bars to subadult and the last two
bars adult scorpions. Fixed ﬁnger (a), distal external chela manus (b), proximal external chela
manus (c) and ventral chela manus (d). Trichobothria arranged in a group: Eb1, Eb2, Eb3, Esb.
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4.1.6 Height and length
All trichobothria of S. mesaensis are approximately straight or only slightly bent. The
mean height/length ratio is 0.96 +/− 0.04 for adult and subadult scorpions. There is no
obvious correlation between the position of certain trichobtohria, and their length/height
ratio (see Fig. 58 in the supplementary material section). As an example the trichoboth-
rium Et5 is shown in Fig. 1a.
4.1.7 Length and diameter
Length and diameter correlate in adult, subadult and juvenile scorpions. Most of the
hairs (within an age group) are in a similar length and diameter range, but some diﬀer
(they are shorter, and with a smaller diameter): Esb and Et4 on the external chela manus,
esb2 on the external patella, and d1, d2 on the dorsal patella (dt, dst, dsb, db and et on
the ﬁxed ﬁnger diﬀer in a less obvious way; see Figs. 20, 21 and Tab. 4).
Tab. 4: Length and diameter (mean +/− sd) of long and short trichobothria of S. mesaensis in
adult, subadult and juvenile animals. The s/d ratios are given in the range of the mean values
for each stage (L = length; d = diameter; s = distance). All values, except the s/d ratios, in
µm.
stage long (L) long (d) short (L) short (d) s/d
adult 1347 +/− 192 10 +/− 1.1 352 +/− 54 6.5 +/− 0.77 21 ≤ s/d ≤ 446
subadult 1078 +/− 199 8.7 +/− 1.1 289 +/− 51 6.13 +/− 0.97 19 ≤ s/d ≤ 437
juvenile 398 +/− 88 4.3 +/− 0.49 132 +/− 14 2.8 +/− 0.37 13 ≤ s/d ≤ 190
4.1.8 Linear mixed eﬀects model
The eﬀects of diameter, position and instar on the length of the trichobothria were
signiﬁcant (Fdiameter = 237, df = 1, 928, P < 0.0001; Fposition = 21.3, df= 47, 928, P <
0.0001; Finstar = 26.5, df = 2, 15, P < 0.0001), the eﬀect of side (left or right pedipalp)
not. Fig. 22 shows the relation between length and diameter for the three instars, not
corrected (as done for the linear mixed eﬀects model) for position and side.
4.2 Behavior
The following results should indicate the relevance of scorpion trichobthria for prey cap-
ture and orientation behavior by answering the following questions: A) Is S. mesaensis
able to capture aerial prey? This is not entirely clear from the literature (McCormick and
Polis 1990; Polis 1979; Polis et al. 1981), where several pictures of S. mesaensis with
captured winged insects are printed. But no observations, or experiments were published
or conducted, and this kind of prey could have been captured on the ground as well. We
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Fig. 20: Diameter of all trichobothria of juvenile (square), subadult (circle), and adult (trian-
gle) individuals of S. mesaensis. Trichobothria on chela manus and ﬁxed ﬁnger (a), on patella
and femur (b). In cases of less than ﬁve measurements available, single values were plotted
(small symbols). Juvenile trichobothria have the smallest diameter, adult ones the largest.
Most of the trichobothria are in the same diameter (and length) range, but there are some
exceptions with smaller diameter: d1, d2 on the dorsal patella, and esb2 on the external patella;
Esb and Et4 on the external chela manus. Two of the three trichbothria with the smallest
diameter (Esb, Et4) are grouped together with (Eb1-3) or near hairs with large diameter (Et3,
Et5). Trichobothria of adults with small diameter are within the mean range of juvenile hairs.
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Fig. 21: Length of all trichobothria of juvenile (square), subadult (circle), and adult (triangle)
individuals of S. mesaensis. Trichobothria on chela manus and ﬁxed ﬁnger (a), on patella and
femur (b). In cases of less than ﬁve measurements available, single values were plotted (small
symbols). Missing symbols refer to missing data. Juvenile trichobothria are the shortest in
length, adult ones the longest. Most of the trichobothria are in a similar length range except:
d1, d2 on the dorsal patella, and esb2 on the external patella; Esb and Et4 on the external chela
manus, dt, dst, dsb, db and et on the ﬁxed ﬁnger, which have smaller diameters too. Two of the
three shortest trichbothria (Esb, Et4) are grouped with (Eb1-3) or near long hairs (Et3, Et5).
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Fig. 22: Relation between length and diameter of trichobothria of all locations in adult (tri-
angle; see a), subadult (circle) and juvenile scorpions (square; see b). Values are only shown
for trichobothria for which both, diameter and length could be determined.
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expect at least, that a ﬂying insect (Galleria) is sensed by S. mesaensis and elicits ori-
entation movements which would further give hints about the frequency range to which
scorpion trichobothria are adapted. B) It was speculated that trichbothria also play a role
in the capture of substrate borne prey by sensing the slight air-ﬂow caused by nearby mo-
ving prey – it is possible that they guide the movement of the pedipalps (Brownell 2001).
If there is any signiﬁcant contribution of the trichobothria to the accuracy of the prey
capture of substrate borne prey, it should be detected by analyzing the behavioral elements,
their duration and the distance at which they are elicited. We expect the trichobothria to
be sensitive enough to detect walking prey and that there is a certain inﬂuence on the
accuracy of the capture process, although S. mesaensis is able to orient towards prey by
using substrate vibrations alone. The combined use of information conveyed by diﬀerent
kinds of mechanoreceptors is known from other arthropods (Dumpert and Gnatzy 1977;
Hergenröder and Barth 1983a; 1983b) C) Do individuals of S. mesaensis show an orien-
tation towards an ongoing laminar air-ﬂow like it was described by Linsenmair (1968)?
We expect at least some behavioral changes concerning locomotion or the angle in regard
to the approaching air-ﬂow.
4.2.1 Capture of aerial prey
Prey capture behavior of S. mesaensis could be elicited by exposing it to a ﬂying moth.
More than half of 27 (or 26, because one scorpion died before the last series was ﬁnished)
tested animals showed prey capture attempts, and again more than half of these were
able to catch the ﬂying insect (see Fig. 23a). This is comparable to the percentage of
capture attempts found towards substrate borne prey (Fig. 23b).
Scorpions which were outside of their artiﬁcial burrow (half of a plant pot) before
the experiment started, showed more capture attempts than the ones inside (in both
cases, the burrows were removed before the experiment started; see Fig. 23c). Some
individuals, which were not interested in the moth at ﬁrst, tried to capture it after
introducing substrate vibrations, coming from a wingless ﬂy (Fig. 23d).
4.2.2 Capture of substrate borne prey
One individual of the tested scorpions (control group with intact trichobothria; series
1 without dorsal, ventral and inner trichobothria; series 2 with no trichobothria) was
frightened after removing the external trichobothria for series 2 and was not interested in
prey capture any more. Therefore, the last series was done with 4 instead of 5 individuals.
After the partial or total ablation of their trichobothria, the scorpions were still able to
capture individuals of Periplaneta americana (mean size: 17.1 +/− 2.7 mm), but the
total amount of unsuccessful or temporary grasps increased (control group, series 1 and
2: unsuccessful attempts: 28%, 20%, 45%; temporary grasps: 4%, 24%, 15%; see Fig.
24d). Also the contact with the prey (approaching from the front) before the capture
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Fig. 23: Capture of aerial prey. a. In three experimental series 17 or 15 (in the third one)
individuals of S. mesaensis showed prey capture attempts towards a ﬂying moth, and 13 (11
and 8) out of them captured the insect. The remaining individuals (of the 27, respectively 26
tested scorpions) showed a negative or an unclear reaction. b. Relative frequency of the prey
capture behavior of series 1-3, compared to scorpions reacting towards substrate borne prey
(Periplaneta americana). c. Prey capture behavior of scorpions in- or outside of an artiﬁcial
burrow at the start of the experiment. d. The fraction of the scorpions (yellow) which reacted
after the preceding treatment with the ﬂy (there was no eﬀect in the third series).
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movement started increased in scorpions with reduced numbers of trichobothria (38%,
62%, 90%; see Fig. 24g). Nearly no changes occurred in regard to the number of grasp
attempts and the distance at which they were elicited (Fig. 24a, b and e). The mean
duration of the capture movements and the orientation behavior towards the prey (before
the grasp) changed slightly (duration: 0.81 +/− 0.28 s, 1.2 +/− 0.59 s, 1.1 +/− 0.59
s, with increasing standard deviation, and the frequency of the orientation behavior
without prey contact: 36%, 24%, 30%; Fig. 24c, f).
The inﬂuence of the trichobothrial ablation, of the number of grasp attempts and of
their success on the duration of the prey capture movement of the scorpions was tested
as linear mixed eﬀects model. The eﬀects of all three variables were signiﬁcant (Fablation
= 3.8, df = 2, 60, P = 0.0275; Fattempts = 8.4, df = 1, 60, P = 0.0052; Fsuccess = 7.9,
df = 2, 60, P = 0.0009). Post hoc testing showed a signiﬁcant diﬀerence only between
the control group and scorpions without any trichobothria at all (estimate = 0.34964, df
= 2, z = 2.59, P = 0.0258). Some of the behavioral elements, observed during the prey
capture of aerial and substrate borne prey, are illustrated in Fig. 25 below and Fig. 59
in the supplementary material section.
4.2.3 Orientation towards ongoing laminar air-ﬂow
The tested scorpions showed behavioral changes in regard to the approaching air-ﬂow.
Compared with the control group (11.3 +/− 2.9 scorpions), more individuals started to
run (15 +/− 2), and stopped in sector 4 (its mid point is 135° away from the direction
of stimulation; see Figs. 26a, b and 27). Additionally the stimulated individuals showed
an increase in their walking speed (from 11.7 +/− 9.6 to 18 +/− 9.2 mm/s), a reduction
in the covered distance (from 355.9 +/− 308.8 to 295.2 +/− 227.7 mm) and in their
walking time (from 57.7 +/− 36.6 to 21.6 +/− 16.2). The number of stopping points
during their walk decreased (from 8.7 +/− 7 to 1.6 +/− 1.5) compared with the control
group (see Fig. 26c-f). The tracks of the animals are plotted in Fig. 27. The inﬂuence
of the stimulus, the length of the track, the velocity of the movement and the stopping
points on the duration of the runs was tested as linear mixed eﬀects model. The eﬀects
of all variables were signiﬁcant (Fstimulus = 4.9, df = 1, 51, P = 0.0321; Flength = 32.1,
df= 1, 51, P < 0.0001; Fvelocity = 22, df = 1, 51, P < 0.0001; Fstops = 14.1, df = 1,
51, P = 0.0004). The inﬂuence of the stimulus on the angle ϕ between the endpoint of
the scorpion’s movement and the direction of the air-ﬂow was tested in a second linear
mixed eﬀects model and was not signiﬁcant (see inset in Fig. 29b).
4.3 Movement characteristics of single trichobothria in an os-
cillating air-ﬂow
The following questions were asked to reveal the inﬂuence of several morphological charac-
teristics on the movement and the functionality of the trichobothria: A) Do trichobothria
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Fig. 24: Behavioral changes in the capture of substrate borne prey in relation to the selective
ablation of trichobothria. a and b. The mean distance at which the scorpions started their prey
capture attempts remains more or less the same after reducing the number of trichobothria
(the distance was measured from the mid point of the prey to the frontal edge of the prosoma
in a, and to the mid point of the long axis of pro- and mesosoma in b). c. The mean duration
of the prey capture attempts increases in scorpions with a reduced number of trichobothria
compared to animals with intact ones. d. The number of unsuccessful capture attempts and
temporary grasps increases with the amount of reduced trichobothria. e. The mean number
of grasps per prey capture attempt is approximately the same in all tested scorpions. f. Only
minor changes occur in regard to the orientation behavior towards the prey before the capture
attempt. g. Before any capture attempt started, the number of contacts with prey approaching
from in front, increased in scorpions with a reduced number of trichobothria.
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Fig. 25: Behavioral elements shown by S. mesaensis during and after prey capture. a. A well
known cleaning behavior, called sand thrust (Bub and Bowerman 1979), occurs during or after
the prey capture (black arrow). The scorpion tries to get rid of body liquid or other substances
which contaminated the chela during the capture process (this was tested once with a sticky
mixture of sugar and water, which elicits the same behavior) b. Using the chelicerae, a scorpion
cleans the ﬁnger of its right chela. c and d. Grasping behavior and prey capture of a ﬂying
moth (the scorpion stands on its hind legs, and tries to grasp the moth). In c and d the eyes of
the scorpions were covered with black paint. See Fig. 59 in the supplementary material section
for other examples.
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Fig. 26: Changes in the behavior before (control) and after the stimulation with a continuous
air-ﬂow in the wind tunnel. All bars show the mean +/− sd of three experimental series (each
for control group and stimulation). a. The number of scorpions which started to move increased
between the control group (blue) and stimulation with the laminar air-ﬂow (red). The angle
ϕ between the direction of stimulation (illustrated by the blue arrows) and the mid-point of
sector four at 135° is shown as an example (indicated in red). b. shows the distribution of the
scorpions to the eight sectors in the control experiments (blue) and after the stimulation with
the laminar air-ﬂow (red). c. The number of stops during the runs (see also Fig. 27) for the
control group and after stimulation. d-f. show the duration of the runs, the distance covered
and the mean velocity of the moving animals.
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Fig. 27: Tracks and stops (small dots) of the animals tested in three control groups with no
air-ﬂow applied (a) and three stimulation experiments (b). Only the ﬁrst series is shown. For
series two and three see Fig. 60 in the supplementary material section. The numbers refer to
one of the eight sectors, and the blue arrows on the right indicate the direction of the air-ﬂow.
Each color represents an individual. A small bar, normal to the track, indicates the starting
position at the midpoint of the platform, and an arrow the end point of the movement near
the margin of the circular arena. Only scorpions which started to run are shown.
diﬀering in length (and diameter) diﬀer in their frequency tuning? B) What is the eﬀect
of the orientation of the preferred plane of oscillation on the hair shaft’s movement in
regard to the stimulus direction? C) What is the eﬀect of distance to the stimulus source
on the hair shaft’s movement? D) Are diﬀerences in the frequency tuning mainly due to
the length of the hair shaft or also to its articulation?
4.3.1 Frequency tuning
The tuning curves of the trichobothria Et5, Et4, Et3, and Eb1, Eb2, Eb3, Esb on the
external side of the chela, and the d2 on the dorsal Patella, and d on the dorsal femur
for a constant air-ﬂow velocity of 15 mm/s, show fundamental diﬀerences between hairs
with short (Et4, Esb) and long (all other) shafts: (i) An oscillation of short hairs starts
at the stimulation frequency of 50 Hz, whereas long ones start to oscillate at the lowest
tested frequency of 10 Hz. (ii) The largest deﬂection angle for short trichobothria occurs
between 300 and 400 Hz, the one for long hairs is highest at 10 Hz. (iii) The angular
velocity of the movement reaches a more or less ﬂat level beyond a stimulation frequency
of 50 Hz in case of the long hairs. For short trichobothria the highest angular velocity is
reached with the highest tested frequency at 600 Hz (see Figs. 28-30).
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Fig. 28: Tuning curves, based on LDV measurements at a constant air-ﬂow velocity of 15
mm/s, for the trichobothria Et5 (a), Et4 (b) and Et3 (c) on the external aspect of the chela
(the position of the hairs is marked by a yellow circle). Graphs on the left side show the angular
velocity of the hair’s oscillation, and those on the right its deﬂection angle. The curves represent
the mean +/− sd of 5 measurements, done on 5 diﬀerent trichobothria. Short trichobothria
(Et4) show a clear movement beginning with 50 Hz stimulus frequency, and have a diﬀerent
frequency tuning than long ones (Et5, Et3).
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Fig. 29: Tuning curves, based on LDV measurements at a constant air-ﬂow velocity of 15
mm/s, for the trichobothria Eb1 (a), Eb2 (b), Eb3 (c) and Esb (d) on the external aspect of the
chela (the position of the hairs is marked with a yellow circle). Graphs on the left side show
the angular velocity of the hair’s oscillation, and those on the right its deﬂection angle. The
curves represent the mean of 5 measurements +/− sd, done on 5 diﬀerent trichobothria. Short
trichobothria (Esb) show a clear movement beginning with 50 Hz stimulus frequency, and have
a diﬀerent frequency tuning than long ones (Eb1, Eb2, Eb3).
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Fig. 30: Tuning curves, based on LDV measurements at a constant air-ﬂow velocity of 15
mm/s, for the trichobothria d2 (a) and d (b) on the dorsal aspect of the patella and the femur
(the position of the hairs is marked with a yellow circle). Graphs on the left side show the
angular velocity of the hair’s oscillation, and those on the right its deﬂection angle. The curves
represent the mean of 5 measurements +/− sd, done on 5 diﬀerent trichobothria.
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4.3.2 Stimulation from diﬀerent directions and distances
Rotating the examined trichobothrium’s plane of oscillation in regard to the stimulus
source (0°, 45°, 90°), shows a reduction in the deﬂection angle and the velocity of the
hair’s oscillation at a constant air-ﬂow velocity of 15 mm/s, depending on the amount
of rotation. There is no eﬀect on its relative frequency tuning in case of the sinusoidal
stimulation with the loudspeaker nor on the main frequency component and the ﬁrst
harmonic of a natural stimulus (see Fig. 31a, b; for stimulation details Figs. 6 and 7d).
Rotating the plane of oscillation by 45° relative to the stimulus direction reduces the
hair deﬂection and velocity amplitude by one third; rotating the plane by 90° ﬂattens
the tuning curve in the higher frequency band (200-600 Hz) and reduces the amplitude
to one fourth or less. After a rotation by 45°, the deﬂection and velocity amplitude
of a natural stimulus is reduced again by one third, and after a rotation by 90° to
approximately one tenth.
Reducing distance and height between the hair and a natural stimulus source (Gal-
leria) by 1 cm doubles the deﬂection and velocity amplitude of the main frequency
component at 40 Hz (see Fig. 31c; diﬀerences in height and distance are shown in 7d, e).
4.3.3 Cutting the hair shaft
Reducing the length of the hair shaft by approximately 50%, leads to a reduction of the
hair’s deﬂection angle during stimulation with a constant air-ﬂow velocity at 15 mm/s
by about 50% in the low frequency range (10-50 Hz), and to a small increase in the
range from 100-600 Hz. The velocity of the hair movement reﬂects a similar tendency, a
reduction in the low frequency range, and an increase in the high frequency band (100-
600 Hz; see Fig. 32a). When cutting a long hair down to the length-range of a short one,
its frequency tuning changes correspondingly (Fig. 32b). Decreasing the hair’s length
leads to an increase of the deﬂection velocity at frequencies of 100 Hz and higher and to
a reduction of the deﬂection angle below 100 Hz and only a slight beyond that frequency
(no clear oscillation from 10-25 [100] Hz stimulation frequency could be measured in
hairs with a length of 433 µm or less; see Figs. 32b and 33). Halving the length of the
hair shaft reduces the amplitude of the response (deﬂection angle, velocity) to the main
frequency component of a natural stimulus by approximately 50% (Fig. 32c).
4.4 Natural stimulation of the scorpion in prey capture posture
This part should help to answer the question how scorpions are able to detect the positi-
on of natural objects such as prey or predators. Diﬀerences in the oscillation frequency
and the deﬂection amplitude at certain sensor localities are due to the position and the
orientation of the preferred plane of oscillation of the hair shaft. Theses diﬀerences are
necessary to detect the direction or the distance to a stimulus source and should be mea-
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Fig. 31: Oscillation of the hair shaft according to angle and distance of the stimulus source.
Each point or curve represents the mean of 5 measurements +/− sd. a. Black lines represent
the frequency tuning of the trichobothrium Et5 (see inset) with it’s plane of oscillation oriented
normal to the membrane of the loudspeaker at a constant air-ﬂow velocity of 15 mm/s, red and
green lines show the tuning after a rotation by 45° or 90° relative to the stimulus direction.
b. The same experiment during natural stimulation with Galleria (horizontal distance: 2 cm,
height: 3 cm). Velocity and deﬂection amplitude are shown for the main frequency (near 40 Hz)
and for the ﬁrst harmonic (near 80 Hz). The measurements were done on the trichobothrium
Eb3. c. The natural stimulus was applied from two diﬀerent distances (blue: horizontal distance:
2 cm, height: 3 cm, yellow: distance 1 cm, height 2 cm). The measurements were done on the
trichobothrium Esb.
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Fig. 32: Changes in the frequency tuning after experimentally reducing the length of the hair
shaft. All measurements were done on the trichobothria Eb2 and Eb3. Each curve represents
one experiment. In (a) and (b) the stimulation was done at a constant air-ﬂow velocity of 15
mm/s. a. Cutting the hair shaft at approximately 750 µm, halves the deﬂection angle and the
velocity of the hair movement during low frequency stimulation (10-50 Hz). Measurements on
hair shafts at natural length are shown in black, measurements on shortened ones in red. b.
Curves of six experiments. At a length of 433 µm the hair movement shows no clear response
to stimuli from 10 to 25 Hz and at a length of 200 µm, only stimuli at 150 Hz or higher
induce a movement of the hair shaft. The velocity of the hair deﬂection, during high frequency
stimulation (200-600 Hz), is higher for shortened hairs than for intact ones (exception: at length
of 200 µm). c. The deﬂection and the velocity of the hair movement are given for the main
frequency component (near 40 Hz) and the ﬁrst harmonic (near 80 Hz) of the natural stimulus
(Galleria at a distance of 2 cm and a height of 3 cm), before (black) and after cutting the hair
shaft (red).
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Fig. 33: Tuning curves of naturally short trichobothria (Esb: dotted black line, Et4: solid
black line; mean curves of ﬁve measurements) and shortened long hairs (Eb2: green and gray,
Eb3: gold; single measurements; natural length: approximately 1300 µm; length of cut hairs:
see inset). Cutting a long hair to nearly the same length as that of a short one, results in a
similar frequency tuning (gray), whereas a further shortened hair shaft (gold; 200 µm) or the
433 µm long hair shaft (green) do not, or only partially match their frequency tuning. The
stimulation was done at a constant air-ﬂow velocity of 15 mm/s.
sured at selected sensor localities for short and long trichobothria in regard to a natural
stimulus (Galleria). It is expected that the trichobothria, which are located closer to the
stimulus source are deﬂected more, if their plane of oscillation is oriented in the same
direction and that short hairs oscillate diﬀerently compared to long ones.
4.4.1 Natural stimulus
The main frequency component of the wing movement of Galleria is found between 30-40
Hz, and the ﬁrst harmonic between 70-80 Hz (Fig. 34; for details of the setup see Fig. 8d).
These frequency components are also present in the air-ﬂow produced by a stationarily
ﬂying moth. The mean air-ﬂow velocity was 0.38 +/− 0.18 m/s (the moth was placed
at a horizontal distance of 2 cm and a height of 3 cm) and the degree of turbulence 0.48
(Fig. 35; for details of the measuring situation see Fig. 10).
4.4.2 Movement of trichobothria at diﬀerent locations on the scorpion
The main frequency component (and in most cases also the ﬁrst harmonic) of the wing
movement of Galleria could be found in the frequency spectra of the oscillation velocity
of all examined trichobothria. Hairs with similarly oriented planes of oscillation, but a
shorter hair shaft or at a greater distance to the stimulus source show less deﬂection
velocity in regard to the main frequency component, which is present most prominently
in the oscillation of long trichobothria. In contrast to that, the deﬂection velocity of the
short hair Et4 is higher in the range of the ﬁrst harmonic (Fig. 36). The trichobothrium
esb on the ﬁxed ﬁnger oscillates with a less intense velocity amplitude, although it is
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Fig. 34: The wing movement of Galleria analyzed with high-speed video recordings. a and b.
Deﬂection angle and angular velocity of the wing oscillation from 0 to 250 ms. c. FFT spectrum
for a ﬂight (wing movement) of 10 s. The main frequency component is found between 35-40
Hz, and the ﬁrst harmonic near 75 Hz (for air-ﬂow measurements of the natural stimulus see
Fig. 35).
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nearer to the stimulus source than the trichobothrium Et5 (Fig. 37). A certain time
period of the analyzed angular velocity (and the deﬂection angle) of the trichobothrial
oscillation is shown in Fig. 38. For details of the experimental setup see Fig. 8a-c, e.
4.5 The ﬂow around the scorpion and its pedipalps when ex-
posed to a laminar air-ﬂow
The arrangement of the trichobothria on the pedipalps of S. mesaensis is, as in most
other scorpion species, highly conserved. This suggests that the position of the sensors is
essential or optimized for the detection of changes in its environment and the surrounding
medium (air). The following measurements of the air-ﬂow’s velocity and degree of tur-
bulence should help to understand A) how the scorpion itself inﬂuences an approaching
laminar air-ﬂow and B) why single sensors or groups of them are found at a certain
position.
4.5.1 Inﬂuence of the scorpion’s body on the air-ﬂow
The measurements taken with an anemometer in front of, behind and above the scor-
pion’s body show an increase of the degree of turbulence above and behind its body,
compared with the measurements taken in front of the animal (the mean air-ﬂow velo-
city was slowed down by the factor of 0.5 and more; the degree of turbulence increased
by a factor between 1.4 and 8.1; see Figs. 39, 40; for the setup Figs. 13b and 14).
4.5.2 Measurements above selected locations on the scorpion’s pedipalp
All measurements (taken with an anemometer 0.5-1.5 mm above the surface) show in
general higher degrees of turbulence when the ﬂow approached from the back side of
the animal (but not when stimulated from the ipsilateral side or from in front). Also
the mean air-ﬂow velocities diﬀer depending on the direction of ﬂow. They were highest
(around 0.5 m/s) at the positions et and est when the ﬂow approached from the right
or from behind. When the air-ﬂow approached from in front, the highest ﬂow velocities
were found at the positions Et, Ch.M and F.A and d (again around 0.5 m/s). The lowest
air-ﬂow velocities were measured at em, P.eb and P.A with 0.12 and 0.11 m/s (ﬂow from
forward and backward) and at Ch.M with 0.18 m/s (ﬂow from the right). See Figs. 41-43
for details.
4.5.3 Air-ﬂow visualization
In addition to the quantitative measurements, a qualitative picture of the ﬂow around
the scorpion and its pedipalps is given in Figs. 44-46. All extremities and appendages of
the scorpion caused turbulences in the air-ﬂow, whereas the body itself has a streamlined
shape, with less inﬂuence on the ﬂow, at least when stimulated from the front.
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Fig. 35: Characterization of the natural stimulus. a. Air-ﬂow measurements (using a hot wire
anemometer) of several ﬂight periods of a tethered Galleria. b. FFT spectrum of air-ﬂow for
1.38 s of ﬂight (see a). 0-2.5 Hz have been ﬁltered before creating the spectrum to reduce
low frequency noise. Typical components of the main frequency due to the wing movement of
Galleria are marked by arrows. c. Mean velocity of the air-ﬂow caused by Galleria, measured
at three diﬀerent positions relative to the anemometer (position 2: distance 2 cm, height 3 cm;
position 1 and 3: same distance and height as position 1, but 2 cm laterally (left and right)
from it; see also Fig. 34).
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Fig. 36: Frequency spectra of the angular velocity of the trichobothria Et5 (a), Et4 (b), and
Eb3 (c) during natural stimulation. The main frequency component and the ﬁrst harmonic of
the Galleria signal are present in all three spectra (between 30 and 35 Hz and 65 and 70 Hz
respectively). Et5 and Eb3 are in the same length range, but Et5 is nearer to the stimulus
source. The trichobothrium Et4 has the shortest hair shaft. Note the diﬀerent scaling of the
y-axes.
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Fig. 37: Frequency spectra of the angular velocity of the trichobothria Et5 (a) and esb (b)
during natural stimulation (which was done with a diﬀerent individual of Galleria than in Fig.
36). The main frequency component of the Galleria signal is present in both spectra (between
30 and 35 Hz), but no clear peak of the ﬁrst harmonic. The trichobothrium esb is nearer to the
stimulus source than Et5, but both hair shafts are in the same length range. Note the diﬀerent
scaling of the y-axes.
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Fig. 38: Deﬂection and angular velocity of the oscillation during the ﬁrst second of natural
stimulation by a Galleria moth of three trichobothria at diﬀerent locations: Et5 (a), Et4
(b), Eb3 (c). The oscillation of the thrichobothrium Eb3 shows less ﬂuctuation and more low
frequency components than the one of Et5 and Et4. Eb3 is further away from the stimulus
source than Et5 and Et4, which has the shortest hair shaft.
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Fig. 39: Inﬂuence of the scorpion’s body on the pattern of ﬂow, measured with an hot wire
anemometer. The colored dots represent the measuring positions (see also Fig. 12). a. Laminar
ﬂow from in front (blue arrows). At the black measuring position, the ﬂow is less turbulent
and faster than above the animal (red), or behind it (green). b. The same measuring situation
as shown in a, but without the scorpion. The ﬂow velocity is slightly reduced at the positions
red and green, compared to black. c. The same measuring situation as in a, but with the
scorpion rotated by 180°. The measuring position red shows a much more turbulent pattern
of ﬂow than black or green. The velocity of the ﬂow at the position red and black is reduced
by approximately 50% compared to green. d-f. Degrees of turbulence (Tu) and mean air-ﬂow
velocities (vmean) at the measuring positions given in a-c.
754 RESULTS 4.5 The ﬂow around the scorpion and its pedipalps
Fig. 40: Inﬂuence of the scorpion’s body on the pattern of ﬂow. The colored dots represent
the measuring positions (see also Fig. 12). a. Laminar ﬂow (0.6 m/s) towards the right side of
the scorpion (blue arrows). Compared to the positions black and red, the ﬂow at position green
is more turbulent and its velocity reduced to approximately one third. b. The same measuring
situation as shown in a, but without the scorpion. The ﬂow velocity is nearly the same at all
three measuring positions. c-d. Degrees of turbulence (Tu) and mean air-ﬂow velocities (vmean)
at the measuring positions given in a and b.
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Fig. 41: The pattern of ﬂow at diﬀerent positions on the scorpion’s pedipalp (no trichobothria
are found at the positions Ch.M, P.A and F.A; see Fig. 12). a. The highest ﬂow velocities
are found at Et and Ch.M; the ones at et, est, esb, eb are quite similar to each other. b. The
air-ﬂow velocity at db is smaller than at dt, dst, dsb. The positions d1, d2 and the positions
F.A, d show a very similar air-ﬂow velocities and degrees of turbulence (0.31 m/s and 0.47
respectively 0.48 m/s). c-d. Degrees of turbulence (Tu) and mean air-ﬂow velocities (vmean)
at the measuring positions given in a and b. e. Direction of the approaching laminar air-ﬂow
(0.6 m/s; blue arrows) in relation to the scorpion.
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Fig. 42: The pattern of ﬂow at diﬀerent positions on the scorpion’s pedipalp (no trichobothria
are found at the positions Ch.M, P.A and F.A; see Fig. 12). a. The air-ﬂow velocities at the
positions et, est, and Ch.M are in a similar range, and the same applies to esb, eb, Et, Eb, P.et,
and em. b. The mean air-ﬂow velocities at dt and Ch.M are the same (0.5 m/s), the one found
at dst, is a little bit lower (0.47 m/s). All other mean air-ﬂow velocities (except the one at dsb)
are in the close range of 0.21-0.32 m/s. The lowest air-ﬂow velocities are found at F.A and d
(the last with the highest degree of turbulence). c-d. Degrees of turbulence (Tu) and mean
air-ﬂow velocities (vmean) at the measuring positions given in a and b. e. The approaching
laminar air-ﬂow (0.6 m/s; blue arrows) in relation to the prepared scorpion.
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Fig. 43: The pattern of ﬂow at diﬀerent positions on the scorpion’s pedipalp (no trichobothria
are found at the positions Ch.M, P.A and F.A; see Fig. 12). a. The highest air-ﬂow velocities
were measured at the positions et, est, and esb. The velocities at all other positions are near 0.3
m/s or slightly above, except at Ch.M at 0.18 m/s. The degrees of turbulence are between 0.01
and 0.022. b. Most of the mean air-ﬂow velocities are found in the very close range between
0.45 and 0.5 m/s. Only at d2, F.A and d are lower velocities found, the lowest (d) at 0.027
m/s. The degree of turbulence (Tu) is at all positions around 0.01. c-d. Degrees of turbulence
(Tu) and mean air-ﬂow velocities (vmean) at the measuring positions shown in a and b. e. The
approaching laminar air-ﬂow (0.6 m/s; blue arrows) in relation to the scorpion.
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Fig. 44: Visualization of the artiﬁcial laminar air-ﬂow (0.6 m/s) approaching the scorpion from
in front (For a visualization of the air-ﬂow without the scorpion see Fig. 61 in the supplementary
material section). The pictures on the left were taken from above, the ones on the right from
the lateral (left side), each row at the same time. White arrows indicate the main direction of
the ﬂow. a and b. Fluctuations and turbulences in the plume of one incense stick around the
legs of the scorpion. c and d. Fluctuations and turbulences around the mid axis of the animal
and the metasoma. e and f. The pattern of ﬂow around the left chela of the scorpion.
804 RESULTS 4.5 The ﬂow around the scorpion and its pedipalps
Fig. 45: Visualization of the artiﬁcial laminar air-ﬂow (0.6 m/s) approaching the scorpion
from behind. The pictures on the left were taken from above, the ones on the right from lateral
(right), each row at the same time. White arrows indicate the main direction of ﬂow. All
pictures show ﬂuctuations and turbulences in the smoke plumes near the legs of the scorpion
(each time on the right side of the animal).
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Fig. 46: Visualization of the artiﬁcial laminar air-ﬂow (0.6 m/s) approaching the scorpion
from the right side. The pictures on the left were taken from above, the ones on the right from
in front of the animal, each row at the same time. White arrows indicate the main direction of
the ﬂow. The pattern of ﬂow around the ﬁnger of the scorpion is shown in a and b, and around
the chelae of the animal in c-f.
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4.6 Mathematical modeling (by J. Luis Rosales)
The mathematical modeling approach is connected closely to the questions stated abo-
ve (see previous part), but comes from a theoretical point of view. The results of both
approaches are essential and will be compared in the discussion.
The air-ﬂow moves across and beneath the pro- and mesosoma, when the scorpion is
stimulated from in front, from behind and from lateral. Some body parts of the scorpion
cause “shadows” with low ﬂow velocities (below 0.2 m/s) dependent on the ﬂow direction.
The metasoma induces low ﬂow velocities behind the animal, when the ﬂow approaches
from the front. The whole body does the same when the ﬂow approaches from behind,
and the pedipalps, the pro-, and mesosoma, when the ﬂow approaches from the side (Fig.
50). The lowest ﬂow velocities (lower than 0.1 m/s) around both pedipalps are found
when the ﬂow approaches from behind. When stimulated from the left side, the pattern
of ﬂow is asymmetric, with low ﬂow velocities around the right chela and the external
patella (Figs. 47-50).
When exposed to the approaching air-ﬂow, high ﬂow velocities around the surfaces
of the scorpion’s pedipalp result in high vorticity values. Therefore, both patterns are
similar in regard to their symmetry (see Figs. 51-53).
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Fig. 47: The modeled pattern of ﬂow velocities around the scorpion. The circles (black, red,
green) show the positions at which the anemometer measurements were done (for the setup see
Fig. 12; for results Figs. 39 and 40). a. The artiﬁcial laminar air-ﬂow (0.6 m/s) is approaching
the scorpion from in front; the plane shown includes the mid axis of the animal. The velocity
of the air-ﬂow is low (below 0.1 m/s) near the surface of the scorpion. b. The air-ﬂow is
approaching from behind; the plane shown lies along the mid axis of the animal. The air-
ﬂow velocity around and in the front of the animal is low (below 0.1 m/s). c. The air-ﬂow is
approaching from the left side of the animal; the plane shown lies normal to the mid axis of
the scorpion. The ﬂow velocities on the right side of the animal are mostly below 0.2 m/s.
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Fig. 48: The modeled pattern of ﬂow velocities around the pedipalps, approaching the scorpion
from in front. a-c. The pattern of ﬂow is symmetric, with higher velocities (around 0.3 m/s)
on the dorsal surfaces of the pedipalp than on the internal and ventral ones.
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Fig. 49: The modeled pattern of ﬂow velocities around the pedipalps, approaching the scorpion
from behind. a-c. The pattern of ﬂow is symmetric and it’s velocity around the pedipalps lower
than when approaching form in front (see also Fig. 51). The metasoma (and also other body
parts of the scorpion) induces a kind of “shadow” with lower ﬂow velocities (around 0.4 m/s)
than those found in the surrounding medium (around 0.6 m/s).
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Fig. 50: The modeled pattern of ﬂow velocities around the pedipalps, approaching the scorpion
from the left side. a-c. The pattern of ﬂow is asymmetric (see also Fig. 46), when both pedipalps
are compared and it’s velocity highest (around 0.2 m/s) on the external, the dorsal and the
ventral side of the left pedipalp (and around the dorsal, the ventral and the internal side of the
right patella). There is a kind of “shadow” with low ﬂow velocities (below 0.1 m/s) around the
external side of the right pedipalp.
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Fig. 51: The modeled pattern of vorticity around the pedipalps. The air-ﬂow is approaching
the scorpion from in front. a-c. The pattern is symmetric and the vorticity lowest along the
internal surfaces.
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Fig. 52: The modeled pattern of vorticity around the pedipalps. The air-ﬂow is approaching
the scorpion from behind. a-c. The pattern of vorticity is symmetric and in general low around
the pedipalps (lower than when the ﬂow is approaching from in front, see Fig. 52). The highest
values are found around the ventral and dorsal surfaces. The metasoma (and also other body
parts of the scorpion) behind the pedipalps show high vorticity values along their surfaces, but
the inﬂuence on the ﬂow moving forward to the pedipalps is low.
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Fig. 53: The modeled pattern of vorticity around the pedipalps. The air-ﬂow is approaching
the scorpion from the left side. a-c. The pattern of vorticity is asymmetric, and it’s values
highest around the dorsal and ventral surfaces (depending on the side high values are also
found around the external and internal surfaces).
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5.1 General remarks
Once the value of the trichobothrial patterns for the higher-level systematics of scorpi-
ons had been discovered (trichobothriotaxy), the attention focused on topological and
morphological aspects of the scorpion air-ﬂow sensory system (e.g. Fet and Rechkin
1989; Soleglad and Fet 2001; Stahnke 1974; Vachon 1974). Although several works on
the ultrastructure, the physiology and behavioral relevance of scorpion trichobothria
were published (Hoﬀmann 1965; 1967; Ignatjev et al. 1976; Krapf 1986; Linsenmair
1968; Meßlinger 1987) and despite ongoing discussions regarding the homology of cer-
tain trichobothria and the establishment of generalized patterns, typical of several groups
of scorpions (Francke and Soleglad 1981; Lamoral 1979; Prendini 2000; Prendini and Vol-
schenk 2007; Prendini and Wheeler 2005; Prendini et al. 2010; Soleglad and Fet 2001),
no satisfying physiological or ecological explanations for these patterns, the number of
sensors or the existence of long and short hairs, were derived.
In contrast to Soleglad and Fet (2001) and sensu Prendini and Wheeler (2005) it should
be emphasized, that diﬀerences in patterns and length of sensor hairs (short and long)
may be related to functional and adaptational evolution. In his exhaustive electrophysio-
logical analysis Hoﬀmann (1967) included short hairs on the external patella of Euscor-
pius carpathicus. He never mentioned any electrophysiological evidence, that the sensory
cells of these trichobothria work in another, somehow abnormal or not fully functional
sense as compared to the sensory cells of long hairs, how one would expect if it is true
that they are just stages of a trichobothrium’s development (evolving to a full length
trichobothrium or in the process of being lost, see Soleglad and Fet 2001).
Sense organs are essential for the survival of animals and adapted to basic physical
and ecological conditions (see introduction). A speciﬁc pattern should therefore reﬂect
a speciﬁc function. This function may tolerate variations in number and arrangement
of sensors to some extent (see trichobothrial migration, gain and loss in Francke and
Soleglad 1981; Prendini 2000; Prendini and Volschenk 2007; Prendini and Wheeler 2005;
Prendini et al. 2010; Soleglad and Fet 2001; Stahnke 1974; Vachon 1974).
The questions and hypotheses put forward in the present study (see introduction and
results) serve as the main landmarks of the following discussion, which integrates rese-
arch done in other arthropod groups. It is not intended to reject the use of trichobothrial
patterns as a taxonomic tool, but rather to draw attention to their ecological, behavioral
and physiological relevance. A limitation of the present work is the lack of electrophysio-
logical recordings which would help to gain deeper insights into details of function. This
will be mentioned and discussed at the appropriate places.
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The total number of trichobothria per pedipalp (48) and their distribution is as expected
for a species of the family Vaejovidae with the basic trichobothrial pattern C (and the
known deviation: the trichobothrium v3 is located on the external patella and in this
work labeled as et4; see Sissom 1990; Stahnke 1974; Vachon 1974).
Most likely the planes of preferred oscillation of the hairs reﬂect directional sensi-
tivity. In Euscorpius action potentials could only be recorded when a trichobothrium
was moved from its resting position to one half of its preferred plane of oscillation; it
is the same side at which the dendrite of the sensory cell attaches to the hair shaft’s
base (Hoﬀmann 1967). If the sensory neurons of a large number of trichobothria on a
certain segment are converging, they may improve the absolute sensitivity and the ac-
curacy of stimulus discrimination, compared to a single sensor; at least two sensors are
necessary to discriminate between stimuli which approach from opposing directions but
symmetrical to the plane of preferred oscillation (Barth 2002; Hoﬀmann 1967). The most
relevant stimulus directions are likely those identical to the plane of the hair’s highest
mechanical sensitivity (see Fig. 31a, b) and related to the number of trichobothria on a
certain surface.
These stimulus directions are discussed in the following part (i), concerning each seg-
ment and presuming that the dorsal and ventral surfaces of the pedipalp are oriented
parallel to the ground (see also Fig. 16); subsequently the arrangement of preferred pla-
nes of oscillation is summarized for insects (ii) and compared to S. mesaensis (iii).
(i) Most trichobothria are found on external and dorsal surfaces, where they respond
to air currents mechanically greatest (only marginal inﬂuence of other body parts or
the ground is expected). (a) On the external patella 6 out of 14 trichobothria are ori-
ented with their planes of preferred oscillation parallel and 3 perpendicular in respect
to the long axis of the segment. On the external chela manus 8 out of 9 trichobothria
are oriented with their planes in parallel to the segment’s long axis. (b) The most rele-
vant stimulus direction for dorsal and ventral trichobothria is perpendicular to the long
axis of the corresponding segments (7 out of 9 trichobothria on dorsal and 4 out of 7
trichobothria on ventral surfaces). (c) On internal surfaces 2 out of 4 hairs are oriented
with their planes of preferred oscillation perpendicular to the long axis of their segments
(femur, patella) and 1 out of 2 trichobothria is oriented with its plane parallel to the long
axis (ﬁxed ﬁnger). It is likely that the few trichobothria located on internal surfaces do
play a less important role for stimulus detection or orientation. An interesting remark,
which helps to explain the low number of trichobothria on internal surfaces, could be
found in Hoﬀmann (1967). He underlines that trichobothria are only present at places
where they could not be touched or deﬂected by other parts of the scorpion’s pedipalp or
body during normal movements or resting. (d) Trichobothria with their planes oriented
perpendicular to the long axis of their segment and located on external (or internal)
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surfaces should be most sensitive to the air-ﬂow approaching from above; trichobothria
with their planes oriented perpendicular to the long axis and located on dorsal or ventral
surfaces, to air-ﬂow from the side and trichobothria with their planes parallel to the long
axis to air-ﬂow approaching from in front and the back. (e) These considerations are
supported by the results of Krapf (1986). He showed (using individuals of Androctonus
australis and Buthus occitanus) a signiﬁcant decrease of prey capture attempts and the
orientation towards artiﬁcial airborne stimuli, when the trichobothria of one pedipalp
were immobilized or ablated and the stimulus approached from the side bearing the
manipulated trichobothria (the orientation movements toward the stimulus source were
60% less accurate). After removing 8 trichobothria of the right patella of Androctonus
australis (eb1, eb2, esb1, esb2, em, est, et, d5, all planes of oscillation parallel to the long
axis of the segment), the number of reactions to stimuli from diﬀerent directions (par-
allel and perpendicular to the external surfaces of the chela and the patella) decreased
signiﬁcantly (the stimulation was done for each pedipalp separately; left: 0.25 s reaction
time, 86% positive reactions; right: 0.37 s and 54%). The correlation between the angle
of the orientation movement and the angle of the stimulus source was not signiﬁcant any
more in case of the stimulation parallel to the long axis of the right patella.
(ii) Experiments with crickets, spiders and cockroaches (Gryllus bimaculatus, Cupiennius
salei, Agelena labyrinthica, Periplaneta americana) show more or less drastic behavioral
changes in regard to the latency and accuracy of their reaction towards airborne sti-
muli after partial or total sensor ablation (Brittinger 1998; Görner and Andrews 1969;
Hergenröder and Barth 1983a; 1983b; Kanou et al. 1999; Stierle et al. 1994).
In crickets (Acheta domesticus, Gryllus bimaculatus) hairs with diﬀerent planes of
preferred oscillation were described: Longitudinal (L) hairs, transverse (T) hairs and
oblique (O), in regard to the long axis of the cercus (Dumpert and Gnatzy 1977; Edwards
and Palka 1974; Gnatzy and Tautz 1980; Landolfa and Jacobs 1995; Palka et al. 1977;
the ﬁrst class was also called parallel hairs and the third diagonal by Gnatzy and Tautz
1980).
In Acheta domesticus T-hairs were found nearly exclusively on ventral and dorsal
surfaces of the cercus, L-hairs nearly exclusively medial and lateral and obliquely oriented
hairs at the margins of the T- and L-hair populations. The hair density is greatest at the
base of the cercus, decreases rapidly after 1-2 mm and in the proximal region the number
of T-hairs exceeds the number of L-hairs (Edwards and Palka 1974; Palka et al. 1977).
Landolfa and Jacobs (1995) examined a sample of 246 ﬁliform hairs of Acheta domesticus
and report a more detailed picture, which is in general agreement with that provided by
the previously mentioned authors. The distribution of all hairs was non-uniform and the
hairs were assigned to 12 diﬀerent groups according to their preferred plane of oscillation
and the direction within this plane at which the sensory cell shows highest physiological
sensitivity: T-hairs were distributed on dorsal and ventral surfaces; L-hairs were found
laterally and O-hairs mainly between and also overlapping with L- and T-hairs, but more
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in dorsal and ventral direction.
In Gryllus bimaculatus T- and L-hairs are distributed ventrally and dorsally, the
ﬁrst in rows (Dumpert and Gnatzy 1977); in addition diagonal hairs were described by
Gnatzy and Tautz (1980).
In Periplaneta americana ﬁliform hairs are distributed only ventrally in longitudinal
rows of hairs with preferred planes of oscillation oriented in the same way (the planes of
preferred oscillation found in cockroaches are in general similar to the T-, L- and O-hairs
of crickets). All hairs in such a row oscillate therefore in parallel (Dumpert and Gnatzy
1977; Nicklaus 1965; Sihler 1924).
(iii) Although the structures (pedipalp and cercus) diﬀer in respect to size, shape
and function, some remarkable similarities between insects and scorpions can be seen:
(a) The distribution of the hairs is non-uniform. (b) Only hairs with restricted planes
of oscillation occur. (c) The types of these restricted planes can be described in regard
to the long axis of the cercus or the corresponding segment of the pedipalp (L-, T-
and O-hairs). (d) A trend in S. mesaensis and Acheta domesticus is, that hairs which
oscillate transversely to the long axis of a segment are nearly exclusively found on dorsal
and ventral surfaces, whereas hairs which oscillate in longitudinal direction are found on
external and internal surfaces in scorpions and on the corresponding medial and lateral
ones in crickets. (e) The percentage of T-, L- and O-hairs is nearly equal in S. mesaensis
(33.3% T-hairs, 35.4% L-hairs and 31.5% O-hairs) and comparable to Acheta domesticus
(Landolfa and Jacobs 1995, found 30.5% T-hairs, 45.1% L-hairs and 24.4% O-hairs).
5.3 Morphological types of trichobothria
Length and diameter of trichobothria of adult individuals of S. mesaensis are brieﬂy
compared to the values found in the literature (i) and with respect to development and
growth (ii). The existence of two morphological types of trichobothria across diﬀerent
groups of arthropods is discussed in (iii).
(i) Length and diameter of all trichobothria of adult S. mesaensis are within the range
we know from scorpions and other arthropods (see Tab. 1; especially the longest tricho-
bothria of Cupiennius salei: 1400 µm length, 10-15 µm diameter). Only the upper limit
of the values for diameter found in the literature referring to scorpions (7-8 µm Hoﬀmann
1967; Ignatjev et al. 1976) diﬀers in respect to the ones measured here (Fig. 20, highest
value: 13 µm). This diﬀerence may be species-speciﬁc.
Again consistent with the literature (Ignatjev et al. 1976; Meßlinger 1987; Vachon
1974) two morphological types of trichobothria could be clearly distinguished: Short ones
with small diameter (Et4, Esb, esb2) and long ones with larger diameter (e.g. Eb1-3, Et3,
Et5, d, eb1-5). Some values for hair diameter suggest lengths in the range of about 1000
µm but too few measurements for the trichobothria d1, d2, dt, dst, dsb, et, and Dt were
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available (see Figs. 20 and 21). The shafts of these hairs were, especially on the ﬁxed
ﬁnger, damaged quite often (the chela is used for prey capture, manipulation of objects
and defense). This is not known for ﬁliform hairs of spiders or insects (Barth et al. 1993;
Kumagai et al. 1998b) and may be a special problem of keeping scorpions in the lab, be-
cause molting and regeneration of sensor hairs in subadult individuals is scarce (molting
is not known to occur in adult scorpions). Sometimes hair shafts were damaged during
the preparation process and not used for length measurements.
(ii) The above (see i) mentioned two morphological types of trichobothria are also pre-
sent in subadult or juvenile animals, but the mean values for diameter and length are
smaller than in adult scorpions (see Figs. 20-22 and Tab. 4). This is also known from
other scorpions or insects: (a) Kasaiah et al. (1989) report 750 µm length for ﬁrst instar
trichobothria and up to 2000 µm for the ones of adult individuals of the scorpion He-
terometrus fulvipes. (b) Hair length and diameter range in Gryllus bimaculatus: 40-500
and 1.1-4.5 µm in the 1st nymph; 40-650 and 1.05-5.5 µm in the 3rd nymph; 30-800 and
1.05-8 µm in the 5th nymph; 30-1500 and 1.5-9 µm in the adult (see Kanou et al. 1988;
Shimozawa and Kanou 1984a). (c) Dangles et al. (2006b) compared seven (out of nine)
instars of the wood cricket Nemobius sylvestris and reported changes in length, number
and distribution of cercal ﬁliform hairs during development. The number of hairs increa-
ses from 60 (ﬁrst instar) to 322 (adult). Short hairs increase in mean from 143 +/− 102
µm (second instar) to 170 +/− 84 µm (adult) and long ones from 504 +/− 90 µm (se-
cond instar) to 730 +/− 172 (adult). (d) Chiba et al. (1992) found for Acheta domesticus
an increase of the total number of sensor hairs during development by a factor of 40,
from 55 (ﬁrst instar) to approximately 2000 (adult). They further report an increase in
length by a factor of 10 and a mean length of 105 µm for a ﬁliform hair, when appearing
for the ﬁrst time. The mean growth rate is 150 µm per molt (a 120 µm hair grows to
1200 µm in the adult cricket). (e) For long hairs of S. mesaensis we get a very similar
amount of growth in length, assuming it constant during all instars: 158 µm per instar
(mean length of long hairs in juvenile individuals: 398 µm, in adults: 1347 µm and six
instars between them). For short hairs we get 37 µm per instar (mean length 132 µm in
juvenile and 352 µm in adults).
(iii) Two distinct types of ﬁliform hairs are not only present in scorpions. Magal et
al. (2006) showed a bimodal length-frequency distribution for hairs of adult Gryllus
bimaculatus (short hairs: 189 +/− 152 µm; long hairs: 919 +/− 314 µm, with short hairs
being 2.6 times more abundant) and Dangles et al. (2006b) for the hairs of Nemobius
sylvestris from the second instar on (about 80% of the ﬁliform hairs are short ones, a
value which remains constant during development). In contrast to that, Landolfa and
Jacobs (1995) found in their sample of 246 ﬁliform hairs of Acheta domesticus two thirds
of long hairs (over 1000 µm in length) and no hair was shorter than 400 µm. In S.
mesaensis 93.75% of all hairs are long (45 out of 48 per pedipalp). In general for all of
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these species seem (more or less) two groups of hairs important, whereas the amount
of each population diﬀers. For Cupiennius salei we can expect a ﬂatter, at least not
pronounced bimodal length-frequency distribution, because many groups consist of hairs
with a stepwise increase in length (Barth et al. 1993).
Diﬀerent between scorpions and insects remains (a) the constant number of sensors
during development, (b) the total amount of hairs and (c) the scarce amount of sensors
with diﬀerent length (few short sensor hairs and many long ones in scorpions). For
implications concerning the oscillation characteristics of juvenile, subadult and adult
scorpions, see below (frequency tuning).
In general the hair shaft of scorpion trichobothria is roughly straight and more or
less smooth (see Fig. 58 in the supplementary material section), like it is known from
other scorpion species, crickets or cockroaches (Hoﬀmann 1967; Kumagai et al. 1998b;
Meßlinger 1987) and no obvious bending was observed (as known from Cupiennius salei
or the caterpillar of Barathra brassicae, see Barth et al. 1993; Tautz 1977).
5.4 Arrangement in groups and viscosity-mediated coupling
Trichobothria are not distributed homogeneously over the surfaces of the scorpion’s pe-
dipalps. We ﬁnd single trichobothria and groups of sensor hairs. Vachon (1974) seemed
to account for that and numbered the trichobothria clustering at a certain position (e.g.
the trichobothria eb1-5 on the external surface of the patella). Deﬁning groups of sensors
only in a morphological sense has to some extent always an artiﬁcial touch and should
be justiﬁed in respect to physiological implications.
Until today we do not know the reason why several trichobothria of scorpions are
arranged in groups, but the research done with other arthropods suggests at least two
possibilities. (a) Grouped trichobothria form a functional unit and are at least able to
enlarge the absolute range of sensitivity and the signal to noise ratio (see introduction
and Barth 2000; 2002; 2004; Humphrey et al. 1993; Shimozawa et al. 1998a). An example
for S. mesaensis may be the three long trichobothria Eb1-3 and the short one Esb. (b)
When oscillating, the shaft of a certain trichobothrium inﬂuences the surrounding ﬂow
ﬁeld and may reduce deﬂection and velocity amplitude of neighboring hairs (and alter
the neuronal response of their sensory cells; this form of hair interaction could play a role
for certain behaviors, e.g. the escape of crickets toward an incoming predator, see Casas
and Dangles 2010; Humphrey and Barth 2008; Magal et al. 2006); Lewin and Hallam
(2010) also report a possibility of an improvement of sensitivity in artiﬁcial hair arrays.
This eﬀect, called viscosity-mediated motion coupling, has been a topic of several recent
and mostly theoretical studies or reviews (Bathellier et al. 2005; Cummins et al. 2007;
Heys et al. 2008; Humphrey and Barth 2008; Lewin and Hallam 2010). Its possibility is
estimated and discussed here in respect to the trichobothria of S. mesaensis (i) and to
the literature and scorpions in general (ii); conclusions are drawn in (iii).
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(i) Viscosity-mediated coupling is negligible if s/d > than the smaller of
n
L/d,Re
−1
d
o
,
where L represents the length of the hair shaft, d its diameter, s the distance between
two hairs and Red the Reynolds number of the hair shaft, given by {≡ Vrd/v} with v
as the kinematic viscosity of air and Vr as the absolute relative velocity of the hair (for
approximation: Vr ∼ = v∞, the far ﬁeld velocity, see Bathellier et al. 2005; Humphrey and
Barth 2008; Humphrey et al. 1993).
Taking the mean values for length and diameter of long and short hairs, the corre-
sponding s/d ratios (see Tab. 4), 10.6 ≤ Re
−1
d ≤ 1060 (long hairs), 16 ≤ Re
−1
d ≤ 1631
(short hairs), 0.0015 ≤ v∞ ≤ 0.15 m/s and v = 1.59 ∗ 10−5 m/s (Magal et al. 2006),
viscosity-mediated coupling may be possible for adult S. mesaensis if s/d is smaller than n
Re
−1
d > 135,L/d = 135
o
for long and smaller than
n
Re
−1
d > 54,L/d = 54
o
for short
hairs; for long hairs of subadult scorpions if s/d is smaller than
n
Re
−1
d > 124,L/d = 124
o
and for short ones if
n
Re
−1
d > 47,L/d = 47
o
; for long hairs of juvenile scorpions s/d
should be smaller than
n
Re
−1
d > 93,L/d = 93
o
and for short ones
n
Re
−1
d > 47,L/d = 47
o
,
see Fig. 19 above and Fig. 57 in the supplementary material section.
The s/d-ratios for the groups deﬁned here, are given in Tab. 5. Although viscosity-
mediated coupling is known to be frequency dependent (Bathellier et al. 2005; Cummins
et al. 2007; Humphrey and Barth 2008; Shimozawa et al. 1998a), it is more likley to
exist in subadult or juvenile scorpions (because of their generally lower s/d ratios),
which may be similar in some cricket species (Dangles et al. 2006b report for Nemobius
sylvestris that the density of ﬁliform hairs decreases linearly from the ﬁrst instar to
adults, were the minimal distance reached is between 40 and 50 µm, whereas Chiba
et al. 1992 show a constant density throughout development for Acheta domesticus).
The amount of viscosity-mediated coupling depends further on the torsional restoring
constant S, the damping constant R (Lewin and Hallam 2010) and the length of the hair
shafts (long hairs have more inﬂuence on shorter ones and vice versa, see Humphrey and
Barth 2008).
Crickets or spiders have at least partly far more ﬁliform hairs than a typical scor-
pion and also their mean s/d range is far less extended than that of adult scorpions:
21 ≤ s/d ≤ 446 for S. mesaensis, 20 ≤ s/d ≤ 50 for Gryllus bimaculatus, see Shimozawa
et al. (1998a) and 10 ≤ s/d ≤ 100 for Cupiennius salei, see Bathellier et al. (2005).
(ii) In the following part a couple of studies concerning viscosity-mediated coupling are
discussed. (a) Bathellier et al. (2005) and Cummins et al. (2007) modeled the viscosity-
mediated interaction between closely neighbored trichobothria for spiders (Cupiennius
salei) and ﬁliform hairs of crickets (Acheta domesticus), using diﬀerent modeling ap-
proaches. Although Bathellier et al. (2005) found no signiﬁcant coupling between freely
moving hairs of the same length (experimentally and theoretically), and Cummins et
al. (2007) did in a theoretical analysis, both studies found signiﬁcant inﬂuence of an
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Tab. 5: Mean s/d ratios of grouped trichobothria of S. mesaensis deﬁned according their
lower mean distance. All diameters of and distances between the grouped trichobothria (see
labels) were used to calculate the mean s/d ratios (Red, Reynolds number at which coupling
is possible; d, diameter; L, length of the hair shaft; n.c., no coupling expected; all values are
without dimension). According to Bathellier et al. (2005) and Humphrey and Barth (2008)
viscosity-mediated coupling is essentially negligible for s/d > 50.
stage trichobothrium (d) s/d L/d Re−1
d
adult Eb1-3 (long) 43 135 ≥ 43
adult Esb (short) 73 54 n.c.
adult em1-2 (long) 35 135 ≥ 35
adult eb2-5 (long) 25 135 ≥ 25
subadult Eb1-3 (long) 36 124 ≥ 36
subadult Esb (short) 62 47 n.c.
subadult em1-2 (long) 30 124 ≥ 30
subadult eb2-5 (long) 22 124 ≥ 22
juvenile Eb1-3 (long) 20 93 ≥ 20
juvenile Esb (short) 38 47 ≥ 38
juvenile em1-2 (long) 20 93 ≥ 20
juvenile eb2-5 (long) 13 93 ≥ 13
immobilized hair on the motion of a freely moving one.
Because scorpion trichobothria have pronounced planes of preferred oscillation, it
must be taken into account, that diﬀerently oriented, but closely neighbored trichoboth-
ria may inﬂuence each other in the discussed way (freely moving hairs and not or hardly
moving ones). This may be relevant for the trichobothria eb on the external surface of
the patella.
Bathellier et al. (2005) explored hair interaction theoretically in an s/d range from
5 ≤ s/d ≤ 55, hairs at L = 650 µm, d = 10 µm, and in a frequency domain from
30 ≤ Hz ≤ 200 and experimentally in an s/d range from 22.5 ≤ s/d ≤ 45, H1 at L =
650 µm, H2 at L = 750 µm, and in a frequency domain from 40 ≤ Hz ≤ 150 (see also
Humphrey and Barth 2008). Unfortunately the tested hair length is not comparable to
long or short hairs of S. mesaensis (see Tab. 4), but the s/d range and partially also the
frequency domain is indeed.
(b) Cummins et al. (2007) focus on arrays of short hairs in a low to medium frequency
domain, for which their modeling approach gives the best results, but they can not
be considered as typical for scorpion trichbothria (from 48 hairs of the pedipalp of S.
mesaensis only three are short and they are not neighboring; a case of 7 short hairs,
ranging from 100-400 µm in length, as modeled by Cummins et al. 2007 is not known to
occur in scorpions). The chosen frequency domain may be more appropriate and their
results of isolated long hairs match that of Shimozawa et al. (1998a) below 200 Hz (long
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scorpion trichobothria are considered to be most sensitive in the low frequency range).
The distance between the hairs in the array was 40 µm, which again is not a typical value
for scorpion trichobothria (smallest measured distance in adult scorpions: 203 µm).
(c) Heys et al. (2008) modeled two hairs of equal length (0.7 mm) on the cercus of
a cricket at 50 Hz stimulus frequency, in distances from 0.03 to 3 mm. They predict
(in contrast to Bathellier et al. 2005) that hair to hair interaction of freely moving hair
shafts reaches a reduction of 50% of the deﬂection amplitude in closely neighbored hairs
(0.05 mm). Two hairs moving together, tend to behave like a single one with twice the
torsional restoring constant (or half of the deﬂection). In respect to the short hair length
and the narrow frequency domain, this model predicts coupling appearing at a distance
of 0.5 mm and at a reduction in amplitude of approximately 30%, a distance which must
be considered as relevant for scorpions.
(d) Lewin and Hallam (2010) showed that viscosity-mediated coupling is suppressed
for hairs at equal length when they are stimulated near the natural frequency of the un-
damped system (assuming a small damping constant R; see also Bathellier et al. 2005).
The tested s/d values ranging from 3 to 16 were quite low, but the frequency domain at
least partly comparable to frequencies of prey signals relevant for scorpions (40, 80, 120,
160 Hz). This model predicts even less coupling than that of Bathellier et al. (2005).
According to the model (or that of Bathellier et al. 2005), viscosity-mediated coupling
can be excluded for scorpions: A 1 mm long hair (d = 7 µm) shows no relevant coupling
at a s/d ratio of 16 at the tested frequencies of 40, 80 and 160 Hz.
(iii) Coupling between two or more short hairs can be excluded for S. mesaensis and
many other scorpion species; the number of short hairs is low compared to the total
number of trichobothria and they are grouped together with long hairs (but examples
of neighbored short hairs do exist, like the internal trichobothria i3 and i4 on the femur
of Androctonus and Buthiscus, see Vachon 1974). In general interactions between long
hairs or short and long ones would be the far more common case.
For scorpions two behavioral situations are of interest: (a) Prey localization in a low
to medium frequency range (wing beat frequency of Galleria at about 40 Hz) and in
a higher one, which is reported by Krapf 1986 (scorpions of the genus Buthus reacted
towards ﬂying Calliphora, while the ﬂies did not touch ground). (b) Some scorpions seem
to react merely with defense behavior to airborne stimuli (family Scorpionidae), whereas
scorpions of the family Buthidae reacted with prey capture behavior (but including a
behavioral change from escape to prey capture during ontogeny in regard to the same
stimulus; see Krapf 1986, who explained this family diﬀerence with their ecological dis-
tribution). Predators such as owls (Polis et al. 1981) may be detected with the help of
long sensitive trichobothria.
The low number of other mechanosensory setae in S. mesaensis excludes a signiﬁcant
inﬂuence on the ﬂow or the oscillation of the trichobothria. Despite the diﬀering results
of the studies discussed above, viscosity-mediated coupling is expected to be low at best
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and present only in several groups of scorpion trichobothria (see Tab. 5); in spider and
insects it may play a more important role, because of diﬀerences in hair number and
density. Only experiments or modeling approaches applied to the special case of the
scorpion’s pedipalp and sensor arrangement will be able to reveal the existence or allow
the quantiﬁcation of viscosity-mediated coupling.
5.5 Behavior
Air-ﬂow sensing is expected to play an important role in three diﬀerent behavioral con-
texts: Prey capture, defense and orientation towards abiotical stimuli (wind). Prey cap-
ture behavior of scorpions has been in its widest sense a topic of several studies, which
did not only examine the behavioral elements of the capture process itself, but also on
ingestion, foraging activity or diet (Bub and Bowerman 1979; Cushing and Matherne
1980; Hadley and Williams 1968; McCormick and Polis 1990; Polis 1979; Rein 1993;
2003; Stewart 2006). Interestingly neither the capture of aerial prey, nor the role of the
trichobothria in the capture of subtrate borne prey were studied except by Krapf (1986).
Prey capture is discussed here in respect to aerial (i) and substrate borne prey (ii); the
third part of this section focuses on orientation towards abiotic air-ﬂow (iii). This stu-
dy did not examine the role of trichobothria in defense behavior of scorpions (for some
general remarks and family diﬀerences see Heatwole 1967; Newlands 1969 and additiona-
ly Krapf 1986). Only little is known about their function for predator avoidance, such
as owls or birds in general (Bogiatto et al. 2003; Kremer and Belk 2003; Polis et al. 1981).
(i) As far as we know ours are the ﬁrst experiments that directly prove that scorpions
are able to capture tethered insects out of the air or show to which extent trichobothria
contribute to the capture of substrate borne prey (see ii for the latter; observations,
indirect experiments and reactions to not freely moving insects could be found in Krapf
1986).
Our results presented above (see Fig. 23a) show that S. mesaensis is able to orient
towards the ﬂying Galleria and capture it out of the air, without any visual or substrate
vibrational cues. The animals reacted as often to aerial as to substrate borne prey stimuli
(Fig. 23b). A couple of scorpions did not react to the ﬂying Galleria at ﬁrst, but substrate
vibrations coming from a wingless ﬂy were able to induce prey capture motivation at
least in some cases. This is not surprising because the scorpions were tested although
some of them were inactive (Galleria was not able to touch the animals).
Some individuals reacted with prey capture movements, but were not able to capture
the tethered moth. That could (partly) be explained by the fact that the moths were
accelerated by the centrifugal force, ﬂying at a higher speed than it could be expected
under natural conditions (not tethered).
(ii) Although air-ﬂow velocities of disturbances due to prey moving on the substrate
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are low and most scorpions expected to be highly vibration sensitive (Brownell 1977;
Brownell and Farley 1979a; 1979b; Brownell and van Hemmen 2001; Stürzl et al. 2000),
it may be possible that the trichobothria guide the capture movement of the pedipalps,
as Brownell (2001) hypothesized. Den Otter (1974) recorded action potentials from the
sensory cells of the trichobothria of Sericopelma, which were deﬂected by the leg move-
ments of a cricket at a distance of 2 cm. Casas et al. 2008 described an aerodynamic
signature for a moving predator and a similar one must exist for moving prey (see also
Lang 1980).
Our results show, that the scorpions were still able to grasp and capture substrate
borne prey after the ablation of all trichobothria. Therefore they could (at the most)
only provide some kind of additional information concerning the accuracy of the cap-
ture process. The increase of temporary grasps, of unsuccessful grasp attempts, of prey
contact before the capture attempt (see Fig. 24d, g) and the signiﬁcant inﬂuence of the
trichobothrial ablation (additionally to the number of grasp attempts and their success)
on the duration of the prey capture movement underlines that. Schlegel and Bauer (1994)
reduced the length of the trichobothria of pseudoscorpions (Neobisium carcinoides) by
at least 50%, which should make them less sensitive for lower frequency oscillations and
tested the impact on the prey capture behavior. They found a reduced success rate (71%
to 47%) and a slight increase in retreating and motionless remaining animals. They fur-
ther showed that animals with shortened trichobothria needed more time to recognize
their prey and attacked more often after prey contact. In sum their results are similar
to the ones of the present study (see Fig. 24).
(iii) In contrast to Androctonus (Linsenmair 1968), S. mesaensis does not show any
signiﬁcant orientation behavior towards a continuous laminar air-ﬂow and only a ten-
dency to end its movement in a certain sector could be observed (see Fig. 26b), although
both species inhabit desert environments (Androctonus as a generalist, S. mesaensis as
a psammophilic specialist, see Fet et al. 1998). All individuals tested by Linsenmair (he
partly averaged the runs) ended their movement between 180 and 270° of the circular
area in regard to the air-ﬂow (in Fig. 5c it is represented by the second half of sector 5,
sector 6 and the ﬁrst half of sector 7). Our experiments revealed a signiﬁcant inﬂuence of
the continuous air-ﬂow on the behavior of the animals. Probably the observed behavioral
changes are related to another kind of behavior. Orientation towards an abiotically gene-
rated air-ﬂow (wind) could help desert scorpions to return to their home burrows (Bost
and Gaﬃn 2004). But this hypothesis has to be tested using a diﬀerent experimental
approach.
5.6 Frequency tuning
Modeling approaches and measurements on the oscillating hair shaft (e.g. Barth et al.
1993; Fletcher 1978; Gnatzy and Tautz 1980; Humphrey et al. 1993; Kämper and Klein-
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dienst 1990; Kumagai et al. 1998a; Shimozawa and Kanou 1984a; 1984b; Tautz 1977)
reveal that the morphology and the mechanics of ﬁliform hairs determine which para-
meters the sensory cells may sense, but not, and that is also a limitation of the current
study, what they do sense. Their ﬁlter characteristics are partly also due to the trans-
duction process at the dendrite and the properties of the sensory cell (Barth 2003; Barth
and Höller 1999). The following discussion must be seen under these limitations. The
frequency tuning of naturally long and short scorpion trichobothria is discussed in (i)
and (ii), the oscillation characteristics of artiﬁcially shortened hair shafts in (iii). Impli-
cations for subadult and juvenile scorpions (shorter hair shafts with smaller diameter)
in respect to the relevant literature are described in (iv). Then the frequency tuning of
scorpion trichobothria is compared to measurements available in the literature (v) and
ﬁnally some general conclusions are be drawn (vi).
(i) Long scorpion trichobothria are tuned to low frequencies and deﬂected best at 10 Hz,
the lowest tested frequency; their velocity curve tends to be ﬂat beyond frequencies of 50
Hz or higher and does not show a prominent best frequency (see Figs. 28-30 and 54a).
(ii) Short scorpion trichobothria show a ﬂat deﬂection curve with a best frequency bet-
ween 300 and 400 Hz, being measurably deﬂected only at frequencies of 50 Hz and higher
at the tested air-ﬂow velocity of 15 mm/s. The slope of their velocity tuning curve is
steep, with best frequencies in the upper end (400 to 600 Hz or higher; see Figs. 28, 29
and 54a). At their best frequencies long trichobothria are deﬂected about three times
more than short ones.
(iii) Shortened long hairs loose their sensitivity for low frequencies and assume a mecha-
nical frequency tuning similar to that of naturally short hairs, when approaching their
length, although diﬀerences in the absolute deﬂection or velocity amplitude remain (na-
turally short hairs are deﬂected by a factor of at least two more than artiﬁcially shortened
hairs). Further shortening makes the hair less sensitive (see Figs. 32a, b, 33 and 54a).
This proves that the main contribution to the frequency tuning is the length of the hair
shaft and the thickness of the boundary layer. The articulation (S) and/or the mass of
the (artiﬁcially shortened) hair plays an important role for the absolute sensitivity and
explains the diﬀerences in deﬂection and velocity amplitude between a shortened long
hair (290 µm) and natural short one at approximately the same length (see Figs. 33 and
54a).
The deﬂection amplitude during stimulation with natural stimuli (main frequency
component near 40 Hz in the wing movement and the air-ﬂow of Galleria) is for long
hairs, by a factor of four larger than that of short ones; the angular velocity of the
hair shafts movement is larger by a factor of six compared to the one of short hairs; the
contribution of the ﬁrst harmonic to the movement of the hair is much less aﬀected by the
length of the shaft, see the black and blue points in Fig. 31b and c, which represent the
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movement of a long and a short hair at the same distance under natural stimulation. It is
likely that short hairs are sensitive to frequencies below 50 Hz, because they respond to
frequencies at 40 Hz contained in natural stimuli (their deﬂection or velocity amplitude
reaches a very low value between an artiﬁcial stimulus frequency of 25 and 50 Hz; it
could not be measured with the available equipment).
Halving the length of the hair shaft of a long trichobothrium reduces its sensitivity
to the main frequency component of the natural stimulus near 40 Hz by 50%, but does
nearly not aﬀect the sensitivity to the ﬁrst harmonic frequency at 80 Hz (Fig. 32c). This
corresponds to the frequency tuning of long and shortened hairs (their curves overlap at
80 Hz, see Fig. 32a).
(iv) The shorter hair shafts and the smaller diameter of subadult and especially juvenile
scorpion trichobothria suggest a diﬀerent frequency tuning (the inﬂuence of the mor-
phological properties in respect to the physical conditions as discussed above in i-iii).
Although no other data for scorpions is available, several works show clear morpholo-
gical changes during the development of crickets and their functional implications (see
additionally the discussion above and Tab. 1, 2): (a) Kanou et al. (1988) showed that
the cercal ﬁliform hairs of Gryllus bimaculatus increase in length, diameter and number
during development, but the velocity threshold as well as the frequency tuning of the
hairs remain quite similar from 3rd instar nymphs to adults. This is related to the lower
spring constant (about 50%) of the longest hairs (500 µm) found in nymphs compa-
red to the ones of adults (1000 µm). (b) Kämper (1992) showed that length, diameter
and socket width of cricket hairs increase with each molt and even the stiﬀness of the
articulation changes. He further reports that the frequency tuning and the phase charac-
teristics of the hairs of Acheta domesticus did not diﬀer very much between adults and
larval stages, but the angular displacement at the best frequencies decreased during de-
velopment. Individually identiﬁed hairs of diﬀerent length (growth during development)
showed changes in at least one of the following parameters: Best frequency, phase and
angular displacement. (c) Dangles et al. (2006b) showed that the overall (mathematically
predicted) sensitivity of the cercal system increases, but the best frequencies (150-180
Hz corresponding to ﬂying predators) remain ﬁxed from the second instar on.
Mechanically the tuning of scorpion trichobothria may remain similar during develop-
ment if the spring stiﬀness of the articulation changes. If this is not the case, the tuning
of the hairs will necessarily diﬀer. For scorpions two implications are important: (1) As
predators they are only able to grasp prey of suitable size, which of course increases with
development and has to be detected by their sensory system. If the trichobothria contri-
bute to the recognition of prey and prey size, which is likely, we can assume ontogenetic
changes in e.g. the frequency tuning of the trichobothria. (2) Scorpions are an important
prey for other animals (Polis et al. 1981). Presumably there are changes in the predator
spectrum according to the dramatic changes in size during development (see Fig. 15),
e.g. owls will not catch small scorpions of the ﬁrst or second instar and therefore it might
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Fig. 54: Comparison between the measurements done here and the ones found in the literature
(see b and c, after Kumagai et al. 1998a). Note logarithmic scaling of x- and y-axes. Numbers
in the legend represent the length of the hair shaft in µm. a. Tuning curves (deﬂection and
velocity amplitude) for long (solid black: Eb1-3; dashed black: d2, dot-dashed black: d; blue:
Et5 and Et3), short (green: Et4 and Esb) and shortened (red: Eb2-3 shortened to a mean
length of 761 µm; gray: Eb2 shortened to 290 µm) scorpion trichobothria. Gray and red curves
represent single measurements, all other mean values of ﬁve measurements. b. Deﬂection angles
for ﬁliform hairs of crickets (Gryllus bimaculatus) at diﬀerent stimulus frequencies, measured
by Kumagai et al. (1998a). The peak velocity of all tested frequencies was 1 mm/s. c. Several
measurements on arthropod ﬁliform hairs collected out of the literature by Kumagai et al.
(1998a). Abbreviations above: G&T, Gnatzy and Tautz 1980 (calculated as 1200 µm long
hairs, see Kumagai et al. 1998a); K&K, Kämper and Kleindienst 1990; S&K, Shimozawa and
Kanou 1984a; abbreviations below: B-et al., Barth et al. (1993); G&T, Gnatzy and Tautz
1980 (calculated as 600 µm long hairs, see Kumagai et al. 1998a). The hatched area represents
measurements of Kumagai et al. (1998a) in a similar length range.
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be necessary that the trichobothria are adapted to detect other kinds of predators at the
beginning of the postembryonic development (for changes in prey-predator interactions
during the development of Nemobius sylvestris, see Dangles et al. 2006c).
(v) In the following the frequency tuning of the trichobothria of S. mesaensis is compared
to results found the literature (see Fig. 54 and the summary in Kumagai et al. 1998a).
(a) The measurements done by Kumagai et al. (1998a) on long hairs (between 1172
and 1484 µm) give deﬂection angles between 7∗10−4 and 4∗10−3 rad in a frequency range
comparable to the measurements of this work (10 to 500 Hz). They report the following
best frequencies in regard to the hair shaft’s length: 30-60 Hz (1000-1500 µm); 50-80 Hz
(600-900 µm); 100-300 Hz (160-600 µm). Long scorpion trichobothria are deﬂected on
average between 5.4∗10−3 and 1.7∗10−1 rad when stimulated with frequencies between
600 and 10 Hz. They show their best frequency at the lowest tested frequency and it was
not evaluated if their sensitivity increases with frequencies below 10 Hz. Obviously long
scorpion hairs show no best frequencies between 20 and 40 Hz as the ones of crickets do
(see Fig. 54a, b). The best frequencies of short cricket hairs are between 100 and 200 Hz
(160-384 µm), the ones of scorpion hairs between 300 and 400 Hz. Shortened hairs are
deﬂected most between 50 and 150 Hz, hairs of similar length of crickets between 40 and
200 Hz. Hairs of spiders (Cupiennius salei) have their best frequency between 100 and
300 Hz (length 500 and 650 µm, see Fig. 54c) and have very similar properties to cricket
ones of the same length range. Cricket ﬁliform hairs seem to be much more sensitive than
scorpion trichobothria, as they start to oscillate at a peak air-ﬂow velocity of 1 mm/s.
(b) Low frequencies are produced by running prey or predators (velocities up to 1-2
cm/s with frequencies below 20 Hz, see Gnatzy and Kämper 1990) and may be a cue
for the capture of substrate borne prey (see behavior, above). Also the detection of low-
frequency air movements caused by juddering behavior or stridulation (which are found
in some scorpions species, e.g. Heterometrus, see Mahsberg et al. 1999) mediated by the
trichobothria is possible (for crickets below 70 Hz, with a peak at 30 Hz, see Kämper
and Dambach 1985).
(c) Kämper and Kleindienst (1990) measured the oscillation behavior of cricket ﬁli-
form hairs and found best frequencies between 30 and 100 Hz (hair length between 250
and 1875 µm). The general shape of their deﬂection against frequency curves is more
similar to the ones of shortened scorpion hairs, than to the curves of natural long tricho-
bothria (see Fig. 54a, c). The maximal angular deﬂections were at the best frequencies
mostly below 1° (greatest: 1.5°), when stimulated with a particle velocity of 5 mm/s.
Trichobothiria of the spiders Agelena and Tegenaria are deﬂected by a laminar air-ﬂow
(velocity: 15 mm/s) little more than 4° (hair length: 300 µm, see Reißland and Görner
1978). Long scorpion hairs (Eb1-3,Et5,Et3,d,d2) show a mean peak-to-peak deﬂection
of 9.7° (1.7 ∗ 10−1 rad) at their best frequency of 10 Hz (black and blue curves in Fig.
54a). Deﬂection against frequency curves of 400 µm long trichobothria of Cupiennius sa-
lei (Barth et al. 1993) show in general a similar shape when compared to short scorpion
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hairs.
(d) Magal et al. (2006) suggest an increasing contribution of short hairs on the
cricket’s cercus (Gryllus bimaculatus) with increasing velocity of the air-ﬂow, which is
equivalent to an approaching predator. At a greater distance the predators are detected
by the long hairs of the cricket; the modeled best frequency of the canopy response drops
with diminishing distance between prey and predator from 140 to 60 Hz. Their calculated
deﬂection against stimulus frequency curves for 1000 µm long ﬁliform hairs (5-300 Hz)
share some similarities to the ones measured here: The deﬂection curve increases up to
50 Hz stimulus frequency and drops when higher frequencies are reached; possibly hairs
as long as the ones of scorpions, show this point in the range of 10 Hz.
(e) Shimozawa and Kanou (1984a) found long hairs to be deﬂected more than short
ones below 100 Hz. The threshold depends on frequency and hair length. For long ﬁliform
hairs it is between 0.001 and 0.002° (2 to 100 Hz). The sensory neuron responds only
when the hair shaft deﬂects at a certain rate of change (neurons of short hairs are
sensitive to fast changes in deﬂection). Long hairs are velocity and short ones acceleration
sensitive. Additionally Shimozawa and Kanou (1984b) found neurons of long hairs to be
highly sensitive to hair deﬂection regardless of frequency and neurons of short hairs less
sensitive to deﬂection at low frequencies. No sharp tuning was discovered and short hairs
are regarded as physical diﬀerentiators of the air current stimulus.
(f) Hoﬀmann (1967) concludes the following from his detailed electrophysiological
survey on Euscorpius carpathicus: The sensory cells show no ongoing excitation, when
the trichobothrium remains in its resting position, or when it is deﬂected statically. Ac-
tion potentials were only observed in one fourth of the whole oscillation cycle, which
corresponds to the side at which the dendrite attaches. All movements between 2-3° or
more with velocities of at least 6-8°/s result in a series of action potentials. When the
hair shaft has been deﬂected by 2-3° only very small additional deﬂections (a few angu-
lar minutes) are enough to increase the number of impulses. The response depends on
the position of the hair within the arc of possible movements and its temporal pattern
changes with the velocity of deﬂection. The excitation of the sensory cell is highest in
the middle sector (3-7°) of the maximal movement of the hair shaft (11° to one side of
its resting position). The highest frequency for periodic stimuli which was tested, was
5 Hz, but Hoﬀmann (1967) reports from preliminary experiments that the sensory cells
responded to frequencies of 50 Hz in synchrony to the stimulus (although only three
or four periods were answered with impulses) and 0.05-0.01 Hz were seldom answered
with action potentials (he did not test the absolute range of frequencies). The series of
impulses increased per period with frequency (their number reaches a maximum and de-
creases) and the angle of deﬂection. The mean number of impulses per time unit increases
with frequency, nevertheless it decreases per stimulus period (tested between 0.1-5 Hz).
Hoﬀmann (1967) assumes that socrpion trichobothria are suitable for a precise detection
of stimulus direction of air movements at low ﬂow velocities.
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(vi) The above mentioned properties of the ﬁliform hairs or trichobothria and their sen-
sory cells concerning spiders, scorpions or crickets ﬁt well to the results and the new data
on S. mesaensis. (a) The best frequencies of all hairs are indirectly proportional to the
length of the hair shaft. This corresponds to the predictions, results and measurements
of a lot of other works concerning the sensitivity of short and long hairs (high and low
frequency range, see Barth et al. 1993; Humphrey et al. 1993; Kumagai et al. 1998a;
Reißland and Görner 1978; Shimozawa et al. 1998a). (b) The oscillation characteristics
of the trichobothria show no sharp tuning, but broad band pass characteristics. (c) Ac-
cording to their best frequencies and band pass characteristics, long and short hairs are
likely to serve as diﬀerentiators between low and high frequency range. (d) The obvious
diﬀerence between the resonance frequencies determined for displacement and velocity of
long (10 and 50-400 Hz) and short (300-400 and 600 Hz) scorpion trichobothria indicate
that they may be overdamped systems (Tautz 1977; see Fig. 54a). (e) The frequency
content of wind is below 10 Hz (see Barth and Höller 1999; Barth et al. 1995), but
Rinberg and Davidowitz (2003) also report the presence of higher frequencies at lower
intensities in their wind spectra. Thus, natural abiotic or prey signals (wing movement
of Galleria; leg and body movements of prey) are in a range up to 40 Hz in which the
long hairs are very sensitive. (f) Assuming the physiology of scorpion trichobothria as
described by Hoﬀmann (1967) and an over- or critically damped system (Kumagai et al.
1998a; Shimozawa et al. 1998a), an array of four trichobothria with diﬀerently oriented
planes of oscillation is able to correctly represent a stimulus approaching from the main
directions (see Fig. 55 for details). Such a simple sensor array was already described by
Dagan and Volman (1982) for ﬁrst instar cockroaches which were able to orient with only
four ﬁliform hairs (two on each cercus) as precisely as adult individuals (which own over
200 ﬁliform hairs) away from a stimulus source (wind puﬀs). Ablation of one to three
ﬁliform hairs results in turns to wrong stimulus directions for at least certain stimulus
angles (the array is shown in Fig. 55d).
5.7 Oscillation characteristics during natural stimulation at dif-
ferent sensor positions
The hairs discussed in this section had planes of preferred oscillation parallel to the long
axis of the chela manus, but they diﬀered in position, distance to the stimulus source
and hair length (long: Et5, Eb3, esb; short: Et4). A couple of general conclusions can be
drawn: (i) Long hairs which were close to the stimulus source (Et5) showed higher deﬂec-
tion velocities than the ones at a greater distance (Eb3; see Fig. 36). The trichobothrium
esb was less deﬂected than Et5 probably because the latter trichobothrium was nearer to
the substrate (see Barth and Höller 1999; Barth et al. 1993) and/or the air-ﬂow velocity
reduced by the ﬁxed ﬁnger (the trichobothrium esb is located on its external surface;
see Fig. 8a-c, e for details of the setup and Fig. 37 for the frequency spectra). (ii) In
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Fig. 55: A simpliﬁed model how the detection of stimulus direction could be realized by
an array of four trichobothria (yellow circles, seen from above; the black arrows represent
their planes of preferred oscillation). a-c. Action potentials are only created when the hair
shaft is deﬂected to the + side (1 refers to an excitation of the sensory cell, 0 to the absence
of action potentials; of course taking only these two possibilities into account means a major
simpliﬁcation). It is assumed that the trichobothria are an over- or critically damped oscillatory
system and the hair shaft is not deﬂected more than 1° to the other side of its resting position.
The pattern of excitation is diﬀerently for each direction of the approaching air-ﬂow (indicated
by the blue arrows). d. The arrangement of ﬁliform hairs on the cerci of ﬁrst instar cockroaches
(+ refers to the side at which depolerisation occurs). The cerci form normally an angle of about
45° to each other (modiﬁed after Dagan and Volman 1982).
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regard to the tuning curves of the trichobothria, the main frequency component and the
ﬁrst harmonic of the natural stimulus could be found in the oscillation pattern of short
and long hairs (Fig. 36); the ﬁrst was more prominent in long hairs, the second in short
ones, when the neighboring trichobothria Et5 and Et4 at the distal end of the chela ma-
nus are compared. But the ﬁrst harmonic frequency was not present in every frequency
spectra of the examined long hairs (not present in: Et5 and esb, see Fig. 37). Short and
long hairs may therefore work as supplementary sensors in order to represent a more
accurate picture of a stimulus pattern (long trichoborhia respond best to low frequency
content and vice versa). (iii) Short hairs receive less low frequency noise than long ones
(Fig. 36), which reveals a further aspect: If the central nervous system of a scorpion
is able to compare neighboring (Et3-5) or grouped (Eb1-3, Esb) long and short hairs, it
would be able to improve the signal to noise ratio, when we expect the frequency of
the stimulus relatively constant and the noise occurring accidentally. (iv) Trichobothria
closer to the stimulus source, show diﬀerent oscillation patterns with more ﬂuctuations
in velocity and deﬂection amplitude (Fig. 38), because high frequency components are
lost with increasing distance to a greater amount than low ones. This may be a cue to
detect the direction and distance to a stimulus source. (v) Scorpion trichobothria follow
the ﬂuctuations (velocity and deﬂection amplitude) and the temporal pattern of natural
stimuli (see Fig. 38) and both are regarded as important cues. (vi) Probably short scor-
pion trichobothria play a particular role for the detection of air-ﬂow pulsations (Kant
and Humphrey 2009, found in a theoretical study that short hairs are more sensitive and
react sooner to pulsations than long ones).
5.8 Pattern of arrangement and detection of stimulus direction
It is likely that the detection of absolute signal amplitude does not play a prominent role
for the distinction between certain sources of air-ﬂow such as prey or predator becau-
se it varies with distance and size of the object. It’s variation, however, is essential for
the detection of stimulus direction (frequency content and time structure are far more
unique than signal amplitude; Lang 1980). Independent of the absolute amplitude, time
structure or frequency content of a certain signal, it will vary across the sensor positions
on the pedipalps.
Steinmann et al. (2006) examined the velocity proﬁles for longitudinal and diﬀerent
transversal ﬂows over a cylinder as an approximation of a cricket’s cercus and found
short hairs (300 µm) being more sensitive to the traverse component of the air-ﬂow
from nearly every direction than long ones (1500 µm). They further showed that the
distribution of the hairs around the cercus is related to the spatial heterogeneity of the
air-ﬂow and therefore linked to the cercal structure itself. Dangles et al. (2008) found
most long hairs on the cerci of the cricket Nemobius sylvestris distributed regularly and
short hairs distributed randomly but more densely at the base of the cercus, where it’s
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larger diameter increases the transversal ﬂuid velocity and therefore the sensitivity of
the receptors. The measurements were done on an ablated cercus and the authors were
not able to quantify any inﬂuence of the animal’s body on the air-ﬂow.
In the following part the distribution of the sensors on the scorpion’s pedipalps is
related to the air-ﬂow measurements at positions without (i) and with trichobothria (ii),
the predictions of the mathematically modeled air-ﬂow (iii) and ﬁnally to the question
how the direction of a certain stimulus could be “encoded” corresponding to diﬀerences
in velocity and vorticity at the positions of the trichobothria, including a brief compari-
son to similar measurements done with Cupiennius salei (iv).
(i) The body of the scorpion inﬂuences the air-ﬂow velocity and the degree of turbulence
at the site of the trichobothria: The ﬁrst is lower and the second higher above and behind
the scorpion’s body in regard to the direction of the free ﬁeld velocity of the approaching
air-ﬂow (see Figs. 39, 40 and 42). An increase in the degree of turbulence is a kind
of stimulus to which trichobothria are highly sensitive to (Barth and Höller 1999). In
nature the air-ﬂow will seldom approach the animal exactly in the way it was tested
here, nevertheless even when it approaches at a certain angle, the general ﬂow pattern
will be inﬂuenced and varied by the scorpion’s body, sensed by the trichobothria and
probably used for the detection of stimulus direction (which corresponds to diﬀerences in
frequency, amplitude and latency of the stimulus, arriving at diﬀerent sensor positions,
see Friedel and Barth 1997 and e.g. Fig. 42c).
Independent of stimulus direction, the air-ﬂow velocities and the degrees of turbulence
at measuring positions without trichobothria did not diﬀer generally or fundamentally
from the mean values at the positions with trichobothria (see Figs. 41-43). It is possible
that trichobothria at these positions are not necessary because they would not provide
additional information on the nature of the air-ﬂow (see also below, ii).
(ii) The variations in the air-ﬂow with general air-ﬂow direction (see i) were also pre-
sent at the positions of the trichobothria. The anemometer measurements revealed the
following trends and diﬀerences according to velocity and degree of turbulence of the
air-ﬂow: (a) When the scorpion was stimulated from behind, the degree of turbulence
at most measuring positions was higher than during stimulation from the side or from
in front (mean degree of turbulence of all measuring positions: 0.04 at dorsal and 0.02
at the external positions when stimulated from behind; 0.01 at dorsal and 0.01 at the
external positions when stimulated from the side; 0.01 at dorsal and 0.01 at the external
positions when stimulated from in front). (b) When the scorpion was stimulated from
behind no increase in the degree of turbulence was found at the position P.eb, which
may be related to a local stagnation of the air-ﬂow. The mean air-ﬂow velocities and
the degrees of turbulence were higher at dorsal than at external sensor positions (0.36
and 0.22 m/s; 0.05 and 0.02). (c) During stimulation from in front the mean air-ﬂow
velocities and the degrees of turbulence at positions of dorsal and external trichobothria
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were equal (0.37 and 0.37 m/s; 0.01 and 0.01). (d) When stimulated from the side the
mean air-ﬂow velocities were higher at positions of dorsal than at positions of external
trichobothria, but the mean degrees of turbulence were equal (0.44 and 0.33 m/s; 0.01
and 0.01). It is likely that the diﬀerences between the velocities and the degrees of tur-
bulence at external and dorsal positions are greater at the right pedipalp, because the
external side is in a “shadow” of the air-ﬂow.
(iii) The predictions derived from the mathematical model and the video recordings show
good agreement with the measurements (see results and above, ii): (a) The air-ﬂow ve-
locity increases and vorticity decreases with distance from the scorpion or the surface
of the streamlined body (Figs. 47, 51-53); the air-ﬂow is disturbed and slowed down by
the scorpion (e.g. the metasoma or the pedipalps, see Figs. 47, 49 and 50; Figs. 44c-f,
45 and 46; Figs. 52 and 53). (b) The general inﬂuence of the scorpion on the air-ﬂow
is conﬁrmed by the modeling approach. At the measuring points (circles in Fig. 47) we
ﬁnd reduced air-ﬂow velocities at the opposite site of the approaching air-ﬂow and above
the animal. The velocities are in the range of the measurements (given in parentheses),
but diﬀer when the air-ﬂow approaches from the side (red and green position, see Fig.
47c). Air-ﬂow from in front (black, red and green position): ≈ 0.57 m/s (0.6 m/s); ≈ 0.3
m/s (0.3 m/s); ≈ 0.23 m/s (0.28 m/s); from behind (green, red and black position):
≈ 0.23 m/s (0.21 m/s); ≈ 0.27 m/s (0.3 m/s); ≈ 0.58 m/s (0.55 m/s); from the side
(black, red and green position): ≈ 0.6 m/s (0.58 m/s); ≈ 0.36 m/s (0.58 m/s); ≈ 0.27
m/s (0.58 m/s). (c) Air-ﬂow velocities near the surface of the pedipalp are in the range
of the measured ones (the velocity values were taken 1.5 mm above the surface of the
pedipalp, see Figs. 48-50). When the ﬂow approaches from in front the velocity near
the surface reaches not more than 0.4 m/s (measured values range from 0.12-0.54 m/s
at external and from 0.11-0.48 m/s at dorsal positions); when approaching from behind
not more than: 0.18 m/s (measured values range 0.12-0.35 m/s at external positions and
0.21-0.5 m/s at dorsal positions); approaching from the side not more than: 0.37 m/s
(measured values are between 0.18-0.48 m/s at external positions and 0.27-0.5 m/s at
dorsal positions). (d) Trichobothria are found at positions at which the model shows
high vorticity values (which are expected to be sensed by the trichobothria, see Barth
and Höller 1999): At the ventral and dorsal sides of the ﬁxed ﬁnger, the chela manus and
the patella when the air-ﬂow approaches from lateral (see Fig. 53); at the dorsal, ventral
and external sides when the air-ﬂow approaches from in front. (e) In contradiction to
the measurements are the lower vorticity values in an air-ﬂow approaching from behind,
when compared to an air-ﬂow approaching form in front (Fig. 52).
(iv) The scorpion should be able to sense the direction from which the wind or other
air-ﬂow stimuli are approaching. Nevertheless, this could not be shown behaviorally
for abiotic laminar air-ﬂow (wind). In most cases of aerial prey capture, the scorpions
tried to orient before grasping towards the incoming prey, that they faced it in front
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of the tips of their pedipalps; prey was captured frequently when it approached from
in front. Referring in particular to the measurements at positions on the pedipalp at
which trichobothria are found, the following is concluded in regard to the planes of
preferred oscillation (see Fig. 16) and the three stimulus directions (front, back, lateral).
Diﬀerent patterns of trichobothria respond best at each direction. (a) When the air-ﬂow
approached from behind, its velocity was highest at the trichobothria located on the tip
of the ﬁxed ﬁnger (et, est, dt, dst, dsb), deﬂecting especially the trichobothria et and
esb with planes of preferred oscillation parallel to the air-ﬂow direction. (b) When the
air-ﬂow approached from in front high ﬂow velocities were found at similar positions
(et, est, esb, eb, dt, dst, dsb), the highest at Et and d. Stimulation from in front will
potentially induce oscillations in the same trichobothria as during stimulation from the
back, but the velocity and the ﬂuctuations will be diﬀerent. The trichobothria et, esb, Et
and d will be deﬂected best (the latter much more than during stimulation from the back
because the body of the scorpion induces a “shadow”, see Figs. 41, 42). (c) When the
air-ﬂow approached from lateral high ﬂow velocities were found at the positions et, dt,
dst, dsb, db, d1. All four trichobothria on the dorsal surface of the ﬁxed ﬁnger are oriented
normal to it’s long axis and parallel to the approaching air-ﬂow. (d) As nicely shown
by the mathematical model, the air-ﬂow propagates above and below the animal, which
explains the presence of trichobothria on the ventral sides of the pedipalp (Figs. 47, 50
and 53) with planes of oscillation mainly parallel to an air-ﬂow approaching from the side.
The ventral trichobothria and others which were not included in the analysis for practical
reasons, will further diﬀerentiate this picture. (e) The symmetry or asymmetry of the
modeled air-ﬂow pattern corresponds to these considerations (Figs. 47-53). (f) Despite
the diﬀerences between the modeled pattern of vorticity and the degree of turbulence in
an air-ﬂow approaching from in front and the back, they are likely to be a cue for the
scorpion to detect the stimulus direction. If the turbulences contain higher frequencies,
they may especially be sensed by short trichobothria. (g) Barth et al. (1995) made similar
measurements (laminar air-ﬂow approaching the spider Cupiennius salei from in front,
the side and behind). As in the measurements here, they found the velocity of the air-ﬂow
behind the spider markedly reduced and an increase in velocity and rms values above
the legs (see Figs. 39, 42, 44 and 45).
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den: Wir können nicht anders, als jetzt zu sein, jetzt zu leben, obwohl uns Widersprüche
an allen Ecken und Enden begegnen. Darum noch einmal der Dank an die, die mit mir
gemeinsam sind, gehen und teilen: Sie sind ein Stück des Reichtums dieser Welt und
ganz gewiss ein Grund, dieses Leben als das einzige anzusehen: Sie lösen die schlimms-
ten Widersprüche ohne Weiteres auf, sie erlösen uns — zeitweise und launenhaft, wie
alles Irdische eben ist.
Und der Mensch? Ist er an den Rändern zu Hause, ein Wesen am Abgrund und des Wider-
stands, dort am glücklichsten, dort am schöpferischsten? Spielt er, wie Schiller vorschlug?
Ich möchte das bejahen, selbst wenn solche Charakterisierungen über den Einzelnen hin-
aus nicht viel bedeuten. Auch deswegen scheint es mir geboten, der Wissenschaft etwas
entgegen zu halten und in einer Zone der Gegensätze zu verweilen, zwischen Wissen-
schaft und Natur, Sinnlichkeit und Vernunft, wie Seume das in seinen Apokryphen so
wunderschön beschrieb: Das Zwielicht ist der Raum des Dichters und der Kunst über-
haupt. Wo die Vernunft an die Sinnlichkeit und die Sinnlichkeit an die Vernunft grenzt,
ist der Mensch in seinem schönsten Spiele.
Und mit Monod könnte man sagen, dass Natur und Kunst jene Wunden heilen, die uns
die Wissenschaft schlägt: Der alte Bund ist zerbrochen; der Mensch weiß endlich, daß
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er in der teilnahmslosen Unermeßlichkeit des Universums allein ist, aus dem er zufällig
hervortrat. Nicht nur sein Los, auch seine Pﬂicht steht nirgendwo geschrieben. Es ist
an ihm, zwischen dem Reich und der Finsternis zu wählen, schreibt er in Zufall und
Notwendigkeit. Alles Unbehagen, alle Unruhe kommt doch von dort, kommt von der
Wissenschaft. Aber die Lösung, die Monod vorschlägt, sein Reich der Ideen, das ist nicht
unsere Zeit, und Camus hatte in der Pest wohl den ungetrübteren Blick und die bessere
Kenntnis der Menschen.
Die Wissenschaft treibt mich zur Kunst und zur Natur und diese beiden auch wieder
zurück. Aber manchmal ist alles ganz einfach, und dann weiß ich, wem Recht zu geben
ist. Sehen! schreibt Camus in der Hochzeit in Tipasa: Auf dieser Erde sehen! — Wie
könnte man diese Lehre vergessen. Und weiter: Ich hatte meine Menschenpﬂicht getan
und hatte einen ganzen langen Tag in Freude verbracht; und war mir so auch nichts
Ungewöhnliches gelungen, ich hatte doch ergriﬀenen Herzens jenem Lebenssinn gehorcht,
der uns bisweilen beﬁehlt, glücklich zu sein.
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Fig. 56: Distances between neighboring trichobothria on the distal external patella (a), the
proximal external patella (b), and the dorsal and ventral patella (c). No distances were mea-
sured on the femur because each of the three trichothria belongs to another surface (see Fig.
16). The inset shows the position of the trichobothria, and the color refers to the measured
distance. The ﬁrst bar of each row belongs to juvenile, the second to subadult and the third
to adult scorpions. Mean distances in adult scorpions are larger than in subadult and juvenile
ones. Distances between grouped trichobothria are smaller than the general mean distance.
Trichobothria arranged in groups, see a: em1, em2; and b: eb2, eb3, eb4, eb5.
1178 SUPPLEMENTARY MATERIAL
Fig. 57: Distance/diameter (s/d) ratios for the patella. The color corresponds with the distance
shown in the inset, and the label in or below each bar refers to the diameter of the trichobothria
(for each measured distance two diﬀerent diameters). The ﬁrst two bars belong to juvenile, the
second to subadult and the third to adult scorpions. Distal external patella (a), ventral and
dorsal patella (b) and proximal external patella (c). Trichobothria arranged in groups, see a:
em1, em2; and c: eb2, eb3, eb4, eb5.
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Fig. 58: Length/height ratio for the trichobothria of subadult and adult scorpions showing
the absence of any signiﬁcant bending of the hair shaft. Missing bars reﬂect missing data. If
less than 5 values were available, the median instead of the mean and the standard deviation
was plotted. The inset shows the position of the trichobothrium, which is noted under the
corresponding bars. Trichobothria in groups are found on the chela manus as seen in b: Eb1,
Eb2, Eb3, Esb; and on the patella as seen in d: em1, em2, eb2, eb3, eb4, eb5.
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Fig. 59: Examples of behavioral elements shown by S. mesaensis during and after prey capture.
a and b. A scorpion is cleaning the ﬁnger of the chela and the well known cleaning behavior
sand thrust (black arrow; Bub and Bowerman 1979). c. A scorpion with a captured moth. d.
A scorpion captures a ﬂying moth. In c and d the eyes of the scorpions were covered with black
paint.
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b a
Fig. 60: Tracks and stops (small points) of the animals tested in the control groups (a) and
stimulation experiments (b). Series two and three. For series one see Fig. 27. The numbers
refer to one of the eight sectors, and the blue arrows on the right indicate the direction of the
air-ﬂow. Each color represents an individual. A small bar, normal to the track, indicates the
starting position at the midpoint of the platform, and an arrow the end point of the movement
near the margin of the circular area. Only scorpions which started to run are shown.
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Fig. 61: Visualization of the artiﬁcial laminar air-ﬂow (0.6 m/s) above the streamlined body.
a and b. The pictures on the left were taken from above, the ones on the right from lateral
(left). The smoke plums of three incense sticks are parallel to the streamlined body and show
no ﬂuctuations. White arrows indicate the main direction of the ﬂow.
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Fig. 62: Further examples of diﬀerent arrangements of arthropod ﬁliform hairs and their planes
of preferred oscillation. a and b Distribution on the right pedipalp of Androctonus australis
and the left pedipalp of Heterometrus fulvipes (a from Krapf 1986 and b from Moro and Moro
1988). c. The trichobothria on the tactile (two each) and walking legs (one each) of the whip
scorpion Thelyphonus indicus (from Moro and Moro 1988). d. The location of groups of ﬁliform
hairs on the abdomen of the bug Pyrrhocoris apterus (from Drašlar 1973). e. The cerci of the
cricket Gryllus bimaculatus bearing ﬁliform hairs. The distribution on the ventral side is shown
on the left, the distribution dorsal on the right (from Dumpert and Gnatzy 1977).
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Zusammenfassung
Die Wahrnehmung von Luftströmung spielt für Beutefang und Fluchtverhalten, die Ori-
entierung zu abiotischen Reizen, die Aktivierung des Flugverhaltens und die Stabilisie-
rung des Flugs, sowie die Verbreitung von terrestrischen Arthropoden eine herausragen-
de Rolle. Als ein für das Überleben dieser Tiergruppe entscheidendes Sinnessystem, sind
die ﬁliformen Haare der Insekten und die Trichobothrien von Spinnen seit über dreißig
Jahren Gegenstand wissenschaftlicher Forschung. Arbeiten über das Schwingungsver-
halten der Sinneshaare, die Physiologie der Sinneszellen, die Informationsverarbeitung
in Interneuronen und Ganglien und die Bedeutung der Haarsensillen für das Verhalten
dieser Tiere erschienen. Darüber hinaus existieren zahlreiche detaillierte mathematisch-
physikalische Modellierungen. Weit weniger wurde allerdings über die Trichobothrien
kleinerer Gruppen von Spinnentieren wie Skorpionen oder Geißelspinnen bekannt.
Die vorliegende Arbeit untersucht die Trichobothrien des Skorpions Smeringurus
mesaensis (Scorpiones: Vaejovidae) unter Berücksichtigung folgender Aspekte: (i) Die
Bedeutung natürlicher Reize für den Beutefang und die Orientierung zu abiotischen
Reizquellen (laminare Luftströmung); der (ii) Einﬂuss von Aufhängung und Länge des
Haarschafts auf die mechanische Frequenzabstimmung der Haare und (iii) die Bedeutung
des Anordnungsmusters der Trichobothrien auf den Pedipalpen für die Reizung durch
natürliche Strömungsmuster und die Unterscheidung der Reizrichtung.
Mittels Laser Doppler Vibrometrie und Hochgeschwidigkeitsvideoaufnahmen wurde das
natürliche Signal der Motte Galleria, die Frequenzabstimmung der Haare und das Schwin-
gungsverhalten ausgewählter Trichobothrien an verschiedenen Positionen des Pedipalpus
während natürlicher Reizung analysiert. Ein Oberﬂächenscanner wurde zur Rekostruk-
tion des Pedipalpus eines subadulten Skorpions und eines adulten Individuums benutzt.
Ein laminarer Luftstrom wurde aus den drei Hauptrichtungen (vorne, hinten, Seite) über
einen präparierten Skorpion geleitet und seine Geschwindigkeit über den Positionen der
Trichobothrien an den Dorsal- und Außenﬂächen des Pedipalpus unter Verwendung von
Hitzdrahtanemometern gemessen. Das Muster des Luftstroms wurde von J. Luis Rosales
mathematisch modelliert und visualisiert.
(i) Verhalten. Die Grundfrequenz der Flügelbewegungen von Galleria liegt zwischen 30-
40 Hz. Mehr als die Hälfte der untersuchten Skorpione reagierten auf ﬂiegende Beute (die
an einem Bindfaden befestigte Wachsmotte Galleria) unter Ausschluss substratvibrato-
rischer und visueller Reize. Im Gegensatz zu Untersuchungen mit anderen Skorpionen
(Linsenmair 1968) orientierten sich die Tiere nicht an einem laminaren Luftstrom in
einem Windkanal und beendeten ihre Läufe in einem bestimmten Sektor der Versuchsa-
rena, obwohl ein signiﬁkanter Einﬂuss auf die Dauer der Läufe festgestellt werden konnte
(eine Abnahme von 57.7 +/− 36.6 zu 21.6 +/− 16.2 s). Individuen ohne Trichobothrien
konnten nach wie vor auf dem Substrat laufende Beutetiere fangen, allerdings zeigte das
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Entfernen der Haarsensillen einen signiﬁkanten Einﬂuss auf die Dauer des Beutefangver-
haltens (Zunahme von 0.81 +/− 0.28 zu 1.1 +/− 0.59 s).
(ii) Funktionelle Morphologie. Die Position und die Vorzugsschwingungsebene aller 48
Trichobothrien wurde auf dem rekonstruierten Pedipalpus markiert. Zwei morphologi-
sche Haartypen wurden gefunden: Kurze Trichobothrien (352 +/− 54 µm), die am besten
auf hohe Reizfrequenzen (400-600 Hz) reagieren und lange Trichobothrien (1347 +/−
192 µm), die am besten auf tiefe Frequenzen ansprechen (10 Hz). Die Frequenzabstim-
mung der Trichobothrien zeigt in Übereinstimmung mit der Literatur breite Bandpass-
charakteristik. Experimente mit künstlich gekürzten Trichobothrien legen nahe, dass die
Frequenzabstimmung hauptsächlich von der Länge des Haarschafts abhängt, aber der
Absolutwert der Auslenkung von der Aufhängung und/oder der Masse des Haarschafts.
45 der 48 Trichobothrien pro Pedipalpus besitzen lange Haarschäfte und 3 von ihnen
kurze. 28 Haarsensillen sind an den Außenﬂächen des Pedipalpus zu ﬁnden; 9 Tricho-
bothrien stehen auf dorsalen Flächen, 7 auf ventralen und 4 auf den Innenﬂächen. Auf
den ventralen und dorsalen Flächen sind die Vorzugsschwingungsebenen der Trichoboth-
rien hauptsächlich normal zur Längsachse der betreﬀenden Segmente orientiert und an
den Außenﬂächen vor allem parallel zu ihr. Viskos vermittelte Kopplung der Haarschäfte
erwarten wir, wenn überhaupt, in nur geringem Ausmaß.
(iii) Beziehung zwischen Anordnung der Sensoren und Luftströmung. Trichobothrien
an den Dorsal- und Außenﬂächen spielen höchstwahrscheinlich die bedeutendste Rolle
für die Signaldetektion und -lokalisierung. Haare mit Vorzugsschwingungsrichtung nor-
mal zur Längsachse des betreﬀenden Segments an Außenﬂächen reagieren am besten
auf Luftströmung von oben; beﬁnden sich die Trichobothrien an dorsalen Flächen bei
gleicher Orientierung ihrer Schwingungsebene, werden sie am besten von lateraler Luft-
strömung ausgelenkt. Trichobothrien, die parallel zur Längsachse schwingen und sich
an den Außenﬂächen beﬁnden, reagieren am stärksten auf Reize von vorne und hinten.
Die Geschwindigkeitsmessungen des laminaren Luftstroms belegen einen bedeutenden
Einﬂuss des Skorpions auf die Geschwindigkeit und den Turbulenzgrad der Strömung in
Abhängigkeit von der Reizrichtung. Die Luftströmung von hinten ist die turbulenteste,
mit geringer Geschwindigkeit besonders an den Außenseiten der Pedipalpen; Luftströ-
mung von der Seite weist – wie erwartet – die stärkste Geschwindigkeitsasymmetrie
auf. Für jede der drei Richtungen werden, theoretisch und in Bezug auf die Messun-
gen an den Positionen der strömungsempﬁndlichen Haare, jeweils andere Trichobothrien
maximal ausgelenkt. Damit sollte es dem Skorpion möglich sein, die überprüften Strö-
mungsrichtungen zu unterscheiden und zu kodieren. Das mathematische Modell zeigt,
dass sich Lufströmungen von der Seite unterhalb des Pedipalpus ausbreiten und ven-
trale Trichobothrien auslenken können. Es demonstriert zudem eine symmetrische und
asymmetrische Verteilung von Geschwindigkeits- und Vortizitätsmustern in Abhängig-
keit von der Strömungrichtung. Trichobothrien beﬁnden sich an Stellen mit hoher Vor-
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tizität, die typisch für natürliche Beutesignale ist. Das berechnete Strömungsmuster um
den Skorpion zeigt generell gute Übereinstimmung mit den gemessenen Werten, aber
auch Abweichungen, wie den geringeren Vortizitätsgrad einer sich von hinten nähernden
Luftströmung (verglichen mit einer aus entgegengesetzter Richtung). Der Vortizitätsgrad
einer Strömung könnte Hinweise für die Richtung der Reizquelle beinhalten.
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